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ABSTRACT

The present thesis deals with the synthesis and investigation of new, low-cytotoxic alkyne
and thiol monomers and their thiol-yne derived photopolymers. Furthermore, polymerizable
photoinitiators featuring low migration in thiol-based resins have been studied. This
research is driven by the vision to produce custom-made, biomedical devices by

lithography-based additive manufacturing technologies.

In the first part of this work alkyne ethers and alkyne carbonates have been explored as low
cytotoxic alternatives to the commonly used (meth)acrylates. The work describes the
synthesis, the cytotoxic behavior and the characterization of the photoreactivity of alkynes
in combination with different thiol monomers. While featuring high reaction rates and also
high monomer conversions, investigations on the network properties of cured thiol-yne
resins by dynamic thermo-mechanical analysis (DMA), double quantum (DQ) solid state
NMR spectroscopy and photorheology have revealed that these monomers show the
potential to realize photopolymers with very homogenous network structures, leading to
excellent mechanical properties in terms of modulus and polymer toughness. Different
stabilizers have been evaluated in the resin that significantly improved the storage stability.
It is also shown how the degradation behavior of cured photopolymers can be tuned from
hydrolytic susceptibility to hydrolytic stability, dependent on the applied thiol or alkyne
monomer. In this context, a new silicone-based thiol has been introduced as non-
degradable monomer, which also leads to polymers with reduced water absorption and
improved mechanical properties. Printing experiments revealed, that the presented alkyne
resins have shown excellent 3D printing behavior with high accuracy as it has been

demonstrated on a digital light processing (DLP) based 3D printer.

The second part of this work describes the synthesis and characterization of new type |
alkyne-functionalized photoinitiators for thiol-ene and thiol-yne resins. It is the aim to realize
low photoinitiator migration in biocompatible photopolymers, while still maintaining high
initiation performance. Therefore, two different types of photoinitiators have been studied
and their overall performances in a biocompatible thiol-ene and thiol-yne resins are

discussed intensively.

Due to the versatile properties of the presented thiol-yne photopolymers, including low
monomer cytotoxicity, high photoreactivity and high monomer conversion together with
excellent thermo-mechanical and impact properties, these material shows very high

potential for the 3D printing of medical devices.



KURZFASSUNG

Die vorliegende Doktorarbeit beschaftigt sich mit der Synthese und Untersuchung von
neuen Alkin- und Thiolmonomeren niedriger Zytotoxizitat, sowie mit der Untersuchung der
darauf basierenden Thiol-in Photopolymere. Zudem umfasst diese Arbeit die Synthese
polymerisierbarer Photoinitiatoren, welche ein geringes Migrationsverhalten in thiol-
basierenden Harzen aufweisen. Motivation dieser Forschung ist die Herstellung
patientenspezifischer, biomedizinischer Produkte mittels lithographischer 3D-Druck-

technologien.

Im ersten Teil werden Alkinether und Alkincarbonate als niedrig-zytotoxische Alternativen
zu kommerziellen (Meth)acrylaten vorgestellt. Es wird sowohl deren Synthese, deren
Zytotoxizitat als auch deren Photoreaktivitat in Harzformulierungen in Kombination mit
verschiedenen Thiolmonomeren beschrieben. Wahrend sich die untersuchten Harze durch
hohe Photoreaktivitaten und hohe Monomerumsatze auszeichnen, konnten
Untersuchungen der Netzwerkeigenschaften mittels Dynamisch Mechanischer Analyse
(DMA), Doppelquantum (DQ) Festkérper NMR Spektroskopie und Photorheologie zeigen,
dass diese Photopolymere sehr homogene Netzwerkstrukturen aufweisen, die zu
hervorragenden mechanischen Eigenschaften hinsichtlich Modul und Polymerzahigkeit
fuhren. Es wurden auRerdem verschieden Stabilisatoren untersucht, welche in der Lage
sind die Lagerstabilitat von Thiol-in Harzen deutlich zu steigern. AuRerdem wird gezeigt,
dass sich die Degradierbarkeit dieser Polymere durch den Einsatz unterschiedlicher Alkine
und Thiole gezielt steuern Iasst. In diesem Zusammenhang wird ein silizium-basierendes
Thiol als nichtabbaubares Monomer vorgestellt. Neben geringeren Wasseraufnahmen fihrt
dieses zusatzlich zu verbesserten mechanischen Eigenschaften der hergestellten
Photopolymere. Durchgefiihrte 3D Druckexperimente zeigten, dass sich diese Alkinharze in

einem DLP Prozess mit sehr hoher Genauigkeit drucken lassen.

Im zweiten Teil dieser Doktorarbeit wird die Synthese und Charakterisierung neuer, alkin-
funktionalisierter Typ-lI Photoinitiatoren flir den Einsatz in Thiol-en und Thiol-in Harzen
beschrieben. Ziel war es, die Migration von Photoinitiatoren in biokompatiblen
Photopolymeren deutlich zu reduzieren. Hierfur wurden zwei Photoinitiatoren hergestellt
und deren Einfluss in den Harzen untersucht und diskutiert. Aufgrund der vielfaltigen
Eigenschaften der prasentierten Thiol-in Photopolymere (niedrige Zytotoxizitat, hohe
Photoreaktivitdt und Monomerumsatze, gute thermomechanische Eigenschaften und
Schlagzahigkeiten, gute Druckeigenschaften), zeigen diese ein hohes Potential fir den 3D

Druck medizinischer Produkte.
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1 Motivation and outline

Photopolymers have evolved into a rapidly progressing research field in the last years,
mainly driven by the demand of high-performance materials for UV-based additive
manufacturing technology (AMT) processes.”? Advances are being expected especially in
the healthcare industry as the production of biomedical devices by means of AMTs offers the
possibility of patient-specific customization of individually shaped parts, reaching from
surgical or dental implants to prosthetics. 3D images can be directly obtained from CT, X-ray
or MRI scans which significantly reduces costs, production time and inventory.***® The pallet

8910 and polymers,'"'?? however,

of 3D printable biomaterials includes metals,”® ceramics
each type of material has its limitations in terms of its specific material and mechanical
properties, processing methods, chemical properties, cell-material interactions and
biocompatibility.” From the UV-based 3D printing technologies, especially stereolithography
(SLA) and digital light processing (DLP) are promising technologies for the processing of
biomaterials as they offer several advantages, such as fast and precise fabrication with very
high feature resolutions up to 10 um, enabling the production of medical parts with complex
geometries, smooth surface finish and variable mechanical properties.’*">"®"" However, one
major disadvantage of these technologies is the limited availability of biocompatible,
photocurable resins.” Furthermore the mechanical properties of common photopolymers are

subject to improvement for many end-use applications.

In this contrast, the present thesis focuses on the development of new biocompatible,
photoreactive resin systems based on the radical mediated reaction of alkyne and thiol
monomers (thiol-yne reaction). In the first part, two classes of photopolymers, alkyne ethers
and alkyne carbonates are presented which show low cytotoxicity, as well as high
photoreactivities and conversions in combination with different commercially available, but
also a newly synthesized thiol under UV curing conditions. Specific focus was set on the
network structure and the mechanical properties of derived photopolymers and their
degradation behavior in acidic or alkaline medium. In the second part new alkyne-
functionalized photoinitiators were synthesized and their performance in thiol-based resins
was investigated. Particular focus was set on their photoreactivity in a biocompatible thiol-

ene resin and their migration behavior.

Covering these aspects this thesis gives insights into the challenges of the development of
biocompatible, photocurable materials and paves the way towards the 3D printing of medical

devices.



2 Exploring alkyne ethers, alkyne carbonates
and ester-free thiols in thiol-yne derived
photopolymers for 3D printing

The following results have been published in peer-reviewed journals or have been

submitted to journals which are listed in chapter 5 of this thesis.’?0:2":22:23

2.1 State of the art

The concept of photopolymerization which describes structural changes of monomers,
oligomers or polymers upon light exposure, is hardly new. Thus, photosensitive materials
that harden by sunlight-induced crosslinking have already been used in ancient times for
mummification or for caulking of wooden ships, known under Judean asphalt or Syrian
bitumen.?* Nowadays, a multitude of photopolymers can be found in industrial products like
coatings, adhesives, paints, ink-jet inks, photoresists, or optical materials.?>?*%" Especially in
the last years, photopolymers gained increasing importance for UV-based AMT processes,

such as lithography based 3D printing or 3D ink-jet printing."’

It was already in the early 1980s when Chuck Hull invented the first rapid prototyping
method, known as stereolithography (SLA).*?® This layer-by-layer based AMT underlies the
principle of photopolymerization, as a liquid, photoreactive resin solidifies upon irradiation
with UV light by a computer-controlled laser beam (direct laser writing) or a digital light
projector (DLP) creating a pattern on the surface of a resin. The solidified layer is moved on
the building platform in order to recoat a fresh layer of resin which solidifies by a subsequent
light-induced patterning step. Repeating these steps allows the construction of a three-
dimensional object.” The object is washed after the completed structuring process to remove
excess resin and it is post-cured afterward by UV light to increase the rather low monomer
conversion during the patterning process and therefore, improve the mechanical properties

of the built device.

The device geometry and shape are defined by a CAD file which can be directly conducted
from 3D imaging data as tomographic or magnet resonance scans, making rapid prototyping
also interesting for the individualized fabrication of medical devices.>*® The design is usually
transferred into an STL file which is virtually sliced into layers of the thickness of the layer-by-

layer fabrication process, therefore allowing easy data processing.?



3D printing technologies as SLA and DLP represent a huge potential for the health care
industry. While ear-shaped hearing aids or dental implantation drilling guides printed by
lithographic processes are already well-established processes,*'? the fabrication of patient-
specific implants or prosthetics by UV-based AMTs are future challenges to overcome.?
Especially due to its high printing resolution, bone replacement materials (tissue engineering
scaffolds), where porous implants with pore sizes between 50 — 1000 ym are known for

32,33,34
h,

optimal bone ingrowt are challenging applications for lithographic 3D printing

processes.?%*>%

Many of the nowadays used photocurable resins for SLA and DLP are based on commercial,
multifunctional acrylate or methacrylate monomers.' Especially methacrylates are being
favored for lithographic 3D printing processes due to their lower cytotoxicity and higher heat
resistance compared to acrylates.®” However, the requirements on the material properties of
AMT processed polymers differ from conventional photopolymers. Especially the mechanical
performance, particularly the material toughness at sufficiently high heat deflection
temperatures become essential key parameters for the production of 3D processed high-
performance materials.'®*® Although common resins based on (meth)acrylates show fast
curing rates and excellent storage behavior, they are associated with brittleness of the
manufactured parts which is a result of an inhomogeneous network formation during the
radical mediated chain-growth mechanism and due to its low monomer conversion at the gel

point, leading to internal shrinkage stress.*"'®%

Another drawback of (meth)acrylates, especially for the production of medical devices is their
rather high irritancy or even monomer cytotoxicity as they can serve as Michael acceptors for
thiols and amines and therefore can interact with human proteins or DNA.***' In connection
with rather low double bond conversions of reportedly 60 - 90%, cytotoxic residual monomers
that remain in the cured polymer matrix state a health risk. Furthermore, methacrylates are
known to form of high molecular weight (meth)acrylic acid upon hydrolytic degradation which
limits their applicability for the production of implants or scaffolds.*’ Elevated concentrations
of acidic moieties can lead to a local decrease in the pH in the human body, which can cause

inflammatory reactions or tissue necrosis in the worst case.***

To overcome those challenges, different approaches can be found in the literature that focus
on alternative photocurable systems to (meth)acrylates. Already in 2002, Matsuda et al.
reported about biodegradable and biocompatible needles produced of poly(e-caprolactone-
co-trimethylene carbonate) resins by traditional stereolithography.*® Further very recent
studies have investigated vinyl carbonate, -carbamates and -esters demonstrating their high

46,47,48

biocompatibility under in-vitro and in-vivo tests. Their mechanical properties,



mentionable their impact properties can be significantly improved by modified backbone
structures.*® As one major disadvantage they show rather low reactivity which, however, can
be enhanced by the addition of multifunctional thiols.** Thereby, higher monomer conversion
can be reached, which is, however, at the expense of their mechanical performance. Such
thiol-ene systems feature high monomer conversions at the gel point due to their step-growth
mechanism which leads to homogeneously crosslinked networks with low shrinkage stress
compared to conventional (meth)acrylates.®®*"*> Thiol-ene photopolymerization is not

53,54

inhibited by oxygen and due to the low cytotoxicity of conventional thiols, several

concepts for the development of medical materials are based on thiol chemistry.>*%:57:58:59

Major drawbacks of thiol chemistry are the distinct odor of many of the commercially
available thiols and the rather low resin stability.>’ Moreover, thiol-ene derived polymers are
rather soft as their glass transition temperatures are often not higher than room temperature,
with only a few exceptions reported very recently.®”®® This fact can be attributed to the rather
flexible thioether linkages, but also to their rather low crosslink density.*®**®" Also the
presence of the ester groups originating from the commonly used low-odor, multifunctional
thiols, the mercapto propionic acid or mercapto acetic acid derivatives, reduces the modulus
and also leads to hydrolytic degradation of derived photopolymers under acidic or alkaline
conditions.*®**®" Additionally, water absorption is favored due to the polarity of the ester
group, significantly reducing the mechanical performance of thiol-ene photopolymers upon
water storage.’®®? As the formed thioether bond in thiol-derived photopolymers is rather
stable, the hydrolytic stability of derived photopolymers is expected to significantly increase
when thiols without hydrolytic sensitive groups (e.g. ester groups) are used. Nevertheless,
only a few reports are available that deal with new ester-free thiols and their impact on the

polymeric properties of thiol-ene photopolymers.*57:62

To improve the thermo-mechanical properties of thiol-ene photopolymers one strategy is the
use of rigid ene structures as for example triallyl-1,3,5-triazine,2,4,6(1H,3H,5H)trione (TATT),
norbornene derivatives or maleimides.*”®*%%% Another strategy is to improve the overall
crosslink density of photopolymers. This can be achieved by thiol-yne chemistry which
describes the radical reaction of an alkyne with two thiol functional groups.®® Herein, each
yne moiety reacts with a thiyl radical in a first step under formation of a vinyl sulfide
intermediate which subsequently undergoes a reaction with a second thiyl moiety to form a
1,2-disubstituted adduct as depicted in Scheme 1.5 The reaction of the thiyl radicals with the
vinyl sulfide intermediate proceeds ~3 times faster than with the alkyne moiety in the first
step.®® Using multifunctional alkynes and thiols, highly crosslinked polymers can be obtained

that profit from the beneficial features of thiol click chemistry. Thus, it is mostly unaffected by



oxygen and humidity and proceeds at high reaction rates to high conversions, while forming
highly homogeneous networks.®”®*® Thiol-yne derived photopolymers offer an about six
times higher crosslink density than their analogous thiol-ene species, which significantly
increases their glass transitions temperatures far above room temperature.®® Investigation on
the relative reactivity of alkyne monomers revealed that terminal alkynes show the highest
reactivity towards thiols, followed by propargyl esters and propargyl ethers and internal
alkynes while cyclooctyne, methyl propargylamine and ethyl propiolate did show this typical

bireactive character.®®

wR-SH + =R —> /:/R:>|:> WR—H+/:/R—> >—<R
S
LWR— ) Q,WR— )

Scheme 1: Radical mediated thiol-yne reaction.

Generally, internal alkynes have shown low cytotoxicity in previous studies and seem to be
promising candidates for the fabrication of medical materials.”® Thiol-yne resins showed good
printability with high accuracy under direct laser writing techniques and also offer the

possibility of surface post-modifications, which is another advantage for medical devices.”" "

Inspired by the well-described concept of thiol-yne photopolymerization, we have therefore
investigated alkyne carbonates and alkyne ethers as potential candidates for the UV-based
AMT fabrication of medical devices. Also, a new ester-free thiol is presented in combination
with these alkynes. This thesis describes our findings that have also been published in peer-

reviewed journals.?%192122



2.2 Results and discussion

2.2.1 Reactivity of monomer model compounds under physiological

conditions

In an initial study, the reactivity of (meth)acrylate and alkyne model compounds under
simulated physiological conditions were investigated. (Meth)acrylates are known to interact
with human DNA via Michael addition reactions with thiols and amino groups.*' Especially
the electron density of the Michael acceptors determines the reactivity towards its donor.”"
The lower electron density of acrylates compared to methacrylates, therefore, explains their
generally higher reactivity, hence higher cytotoxicity. While reportedly, terminal alkynes
without electron drawing neighboring groups are known to be mostly inert to Michael

reactions, even under basic conditions,”

we investigated the reactivity of water-soluble
model compounds (Figure 1, left) in buffered D,O at 37 °C by 'H-NMR. It was observed that
especially 2-hydroxyethyl acrylate (HEA), but also 2-hydroxyethyl methacrylate (HEMA)
reacted very fast with the thiol compound, 2-(2-methoxyethoxy)ethanethiol (MTE), forming
the expected Michael adduct (Figure 1, right) The reaction with ethanolamine hydrochloride
(ETAHC) could only be observed for HEA in the given time frame. Most importantly, no
reaction occurred for 3-butyne-1-ol (BuOH) with any of the two Michael donors, underlining
previously observed results in the literature and expecting a lower cytotoxicity for this type of

monomers.”®

Michael acceptors Michael donors
100 - __A
A—A
R 1 ! AT
o you or OH = a0l u A
- i N
— HoN & /
g [ |
60 - A
HEA ETAHC s /
[&]
© A
) OoH 5 407 /
OI fe) g A - _—eo—eo—©
HS/\\/ \//\O/' e 20 4 A ,././.' L4
g | Y —m— HEA/Thiol
HEMA MTE > —A— HEMA/Thiol
0+ —@— HEA/ETAHC
“ ——— T
A 0 5 10 15 20 25 30 35
\/\OH

Time/h
BuOH

Figure 1: Left: Water-soluble model compounds [HEA = 2-hydroxyethyl acrylate, HEMA = 2-hydroxymethyl
acrylate, BUOH = 3-butyne-1-ol, ETAHC = ethanolamine hydrochloride, MTE = 2-(2-methoxyethoxy)ethanethiol].
Right: Double bond conversion of HEA/MTE (squares), HEMA/MTE (triangle) and HEA/ETAHC (circles) under
simulated physiological conditions.



2.2.2 Synthesis of alkyne monomers

Two different types of monomers have been synthesized in straightforward procedures.
Firstly, the synthesis of alkyne ethers was carried out via the well-described Williamson ether
synthesis.”® Hereby, propargyl ether derivatives were obtained by reacting sodium hydride
with the corresponding hydroxyl functionalized backbone structure to its sodium alkoxylate
which was further converted with propargyl bromide to the desired propargyl ether
derivatives in good vyields." This reaction analogy failed for the synthesis of but-1-yn-4-yl
ethers as an isomerization of the alkyne group from the terminal alkyne to its corresponding
2-yne occurred. Therefore, 1-but-yn-3-ol was converted with sodium hydride to its alkoxylate
and further reacted with the 1,4-dibromobutane to the desired product as described in the

literature (see Scheme 2) in moderate yields.””

B gz
N>~ Br /\/O\/\/\O/\//

=

—
HO/\//

NaH, DMF

Scheme 2: Synthesis of but-1-yn-4-yl ethers.

Alkyne carbonates were synthesized in a KOH-catalyzed two-step reaction of alcohols with

1,1’-carbonyldiimidazole (CDI) in good to very high yields as depicted in Scheme 3.2°7®
Di(but-1-yne-4-yl)carbonate (DBC), which was obtained in a single-step reaction of CDI using

an excess of BUOH even showed quantitative conversion.

o —
KOH (cat.) //
Step 1 HO/\/\/OH + s N/\> //\N)kO/\/\/OTN\/)

N\?/ \\N Toluene, 60°C N\// 5

o) IéN o
P _ KOH (cat.) S
Step 2 N//\N)ko/\/\/OTN\) HO/\// \/\OAO/\/\/OYO\/\\\

Toluene, 60°C
\—/ o] o

Scheme 3: Synthesis of alkyne carbonates.

In general, all alkyne ethers and carbonates were synthesized from commercially available
hydroxyl functionalized backbones with exception of BisAEPE and BABC. Here the
backbone molecule, 2,2-bis[4-(2-hydroxy)ethoxyphenyl]propane was obtained by the
reaction of bisphenol A with ethylene carbonate as described in the literature.’” This

backbone was then converted to BisAEPE via the described Williamson ether synthesis or to



BABC according to Scheme 3. The synthesized alkyne ethers and carbonates are listed in

Scheme 4. The 'H- and "®C-NMR spectra of all compounds were in good agreement with the
proposed structures.

Alkyne Carbonates

04\;
4MPC TCBC
(0] [e]
oL =l =
o o
o__O o__o ::><:;
///\/ Y ~" o o > \”/ \/\\\ Q\/O\«O
(0] (0] fo
BABC TMPC
(0]
N _—
\\AO)J\OM
DBC

Alkyne Ethers

\\NOV\AON //VOMOM// ///\Oo/\

N Z S
BuPE BuBE BisAPE
N g
S -
\/O\/\O O/\/O\/
BisAEPE
References
o} o
\)'LO/\/\/OT]/\ %OWO% \/O\/\/\O&
o o
BuAc BuMAc BuVE

Scheme 4: Structures of the investigated alkyne monomers including reference substances.



2.2.3 In-vitro cytotoxicity

Not only the unsaturated polymerizable moiety and its reactivity towards thio- and aza-
Michael donors is responsible for the cytotoxicity of photoactive monomers, but also the
spacer group of these building blocks influences their cytotoxicity. As UV curable resins
contain certain amounts of leachable residual monomers, the evaluation of monomer
cytotoxicity is very important for the fabrication of biomedical applications. Due to the fact
that thiols have shown low cytotoxicity as Mautner et al. reported in the literature,*® the focus

of the cytotoxicity test was set on alkyne monomers.

For that reason the cytotoxic potential of the synthesized alkyne ether and carbonate
monomers with aliphatic C4 spacers and DBC, as well as tricyclo[5.2.1.0*°]decane-4,8-
dimethanol dibut-3-yn-1-yl carbonate (TCBC), which was used in 3D printing experiments
(vide infra) was determined by in-vitro tests using L929 mouse fibroblast cells (due to ISO
10993-5:2009) and compared to the cytotoxicity of 1,4-butanediol diacrylate (BuAc) and 1,4-
butanediol dimethacrylate (BuMAc) serving as reference compounds. The cells were
incubated in a defined media with increasing concentrations of each monomer in DMSO,
respectively, for 48 h at 37 °C. After an alkaline lysis step the cell protein concentration was
determined via the Bradford method. The extrapolated concentration of which the half of the
cells remained alive compared to the negative control (the cell culture medium) was
assessed as the cell viability (EC50). The EC50 values of several investigated alkynes are
listed in Table 1.

Table 1: EC50 values obtained from cytotoxicity tests.

Alkyne ethers Alkyne carbonates References
Monomer BuPE BuBE 4MPC  4PC 4BC TCBC DBC BuAc  BuMAc
EC50 / mM 3 2 10.0 0.55 20 24 1.6 <0.16 <0.16

Apparently, cells show much higher tolerance of the investigated alkynes, compared to the
reference substances BuAc and BuMAc, which is reflected by at least the factor of three and
much higher EC50 values. As an example, the detailed test results of BuAc and BuBE
depicted in Figure 2 visualize the difference of their cytotoxic behavior. Here, the direct
dependency of the cell protein concentration and the applied test concentration are shown.
While the medium served as negative control, triton x100 was used as the cytotoxic positive

control. Compared to BuBE, BuAc appears to be highly cytotoxicity even at the lowest tested



concentration of 0.16 mM. The obtained results reveal the superiority of alkyne ethers and

carbonates in terms of monomer cytotoxicity compared to (meth)acrylates.

BuAc
60 50

BuBE

50 50

40 40

30 30 4

20 20 A

Protein Content (pgfml)
Protein Content (ug/ml)

Triton1% Medium 10 mM 25mM  0.63mM 0.16 mM ) 3
Triton1% Medium 10 mM 25mM 063 mM  0.16 mM

Figure 2: Test results of in-vitro cytotoxicity tests.

2.2.4 Investigated thiol monomers

Thiol-yne resins were formulated using the commercially available 3-mercaptopropionic acid
derivatives, trimethylolpropanetris(3-mercaptopropionat) (TMPMP), pentaerythritoltetra(3-
mercaptopropionat) (PETMP) and dipentaerythritolhexa(3-mercaptopropionate) (DIiPETMP).
Additionally, the commercially available 2,2'-(ethylenedioxy)diethanethiol (EDT) was used.
Furthermore, silanetetrayltetrakis(propane-1-thiol) (TMPS) was synthesized via the radically
induced thiol-ene reaction of the alkene precursor, tetraallyl silane with thioacetic acid. The
intermediate thioester generated by this reaction was hydrolyzed under alkaline conditions to

yield the corresponding thiol TMPS. The investigated thiols are depicted in Scheme 5.

SX\/\ SH s SO oS

/\//(

J\(

ﬂx
R S X
J\\( )/\/

??

DIiPETMP

PETMP TMPS

Scheme 5: Chemical structures of investigated thiols.
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The characterization of the physiochemical properties of the newly synthesized thiol TMPS
revealed a slightly lower density and surface tension, but a much lower viscosity compared to
PETMP as shown in Table 2. This makes this thiol an interesting candidate for the 3D

printing industry but also for the coating industry.

Table 2: Density (p), surface tension (o) and viscosity () of TMPS and PETMP.

Thiol pl ol n (25°C) /
Monomer g*cm'3 mN*m”’ mPa*s
TMPS 1.10 43.9 49.7
PETMP 1.28 47.9 450.8

2.2.5 Photoreactivity and Conversion

For the development of biomedical materials two parameters, the curing rate and the
conversion of UV curable monomers are important as they determine the 3D printing speed
and the amount of leachable monomers in the built medical device. Photo Differential
Scanning Calorimetry (photo-DSC) is a unique method that gives access to kinetic
parameters of the photoactive resins. The hereby evaluated reaction time t..x, which is the
time to reach the maximum of polymerization enthalpy, in combination with the peak shape

reveals information about the overall photoreactivity.

Figure 3 (left) displays the photo-DSC plots of the investigated thiol-yne formulations of
alkyne carbonates bearing the same C4 spacer and the reference substances BuAc and
BuMAc. It is shown that the thiol-yne resins offer photoreactivities that are comparable to the
corresponding acrylate while only moderate curing performance were observed for the
reference methacrylate BUMAc. The t..« values of investigated alkyne ethers and carbonates
are summarized in Table 3. Comparison of the propargyl ether (4PE) with its analogous but-
1-yn-4-yl ether (4BE) reveals a significant difference in the curing performance which can be
attributed to the additional CH, group, reducing the inductive effect of the neighboring ether
group on the terminal alkyne. Therefore, the overall photoreaction for 4BE is accelerated
which is indicated by its low ..« value that is comparable to the reference acrylate. The same
retardation effect can be seen in Figure 3 (left) for alkyne carbonates by comparing the
propargyl derivative 4PC with the but-1-yn-4-yl derivative 4BC, thus making but-1-yn-4-yl

derivative interesting candidates for fast curing 3D printing resins comparable to acrylates.
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Figure 3: Photo-DSC plots of investigated monomers. Left: 4PC (solid), 4BC (chain dotted), 4MPC (dotted), BuAc
(chain double dotted) and BuMAc (dashed). Right: BuAc (chain double dotted), BuMAc (solid), DBC/TMPMP
(dotted), DBC/PETMP (dashed), DBC/DIPETMP (chain dotted). Light starts at 0 s.

Figure 3 (right) shows the plots of DBC in combination with different thiols and the
references. As it is shown, the curing speed t..x is mostly independent on the applied thiol. In
general, the photoreactivity of monomers with higher molecular weight decreases as it is
shown in Table 3. This can be attributed to their higher monomer viscosity, reducing the
monomer mobility during the photoreaction which also leads to lower monomer conversions

(vide infra).

Table 3: Summary of photo-DSC (tmax) and RT-FT-IR measurements (conversion) of alkyne monomers in
combination with thiols, including reference samples (BuAc and BuMAc).

Monomer tnax /s | Conversion / %
2 BuPE 5.2° 94°
5 a a
i BuBE 2.3 99
2 : a b b.c
5 BisAEPE 6.2 65° (98)
< BisAPE 8.1° 62° (92)>°
. BuMAc 6.7 74
[+]
© BuAc 1.8 79
0 4PC 3.8° 98°
g 4BC 2.8¢ 98°
§ 4MPC 2.5¢ 962
9 TCBC 2.6¢ 94°
E TMPC 3.7¢ 91°
< BABC 3.5¢ 84°

@ Corresponds to a formulation with a stoichiometric amount of TMPMP
b Corresponds to a formulation with a stoichiometric amount of TMPS
¢ Measured after post-curing at 100 °C

d Corresponds to a formulation with a stoichiometric amount of PETMP
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The findings of the photo-DSC measurements of the alkyne ethers was confirmed by real-
time Fourier Transformed Infrared Spectroscopy (FT-IR) measurements which were used to
observe the conversion of the alkyne triple bonds, the double bonds of the reference
meth(acrylates) and the thiol groups during illumination. As shown in Figure 4 (right),
BuBE/TMPMP outperforms BuPE/TMPMP in terms of photoreactivity, also leading to higher
overall conversions. Mentionable the conversion of the thiol group happens simultaneously
with the consumption of the alkyne bond, revealing the absence of any side reactions. Thus,
the conversion after 2 min of illumination is almost quantitative for BUBE as shown in Table
3, while BUPE reaches a high conversion of 94%. In contrast, the references show only a
conversion of 79% for the acrylate, BuAc and only 75% for the methacrylate, BuMAc,

revealing the superiority of alkyne ether monomers in terms of monomer conversion.

1.0
87 087 f—
0.6 0.6
0.4
0.2 1 0.2 '}
[
004 @ 0.0
T T T T T T T T T T
0.0 05 1.0 15 2.0 25 0.0 05 1.0 15 20 25

Time / min Time / min

0.4

Conversion / %
Conversion / %

Figure 4: Real-time FT-IR measurements: Conversion of alkyne and thiol moieties. Left: BUBE (open triangle) /
TMPMP (diamond), BUPE (open square) / TMPMP (circle). Right: Conversion of (meth)acrylates. Right: BuAc
(square) and BuMACc (triangle).

Similar high conversion rates were observed for alkyne carbonates, which also show much
higher conversions compared to the reference acrylate and methacrylate as it is shown in
Figure 5 and Table 3. As already mentioned, generally lower conversions were observed for
the alkyne monomers of higher molecular weight (TMPC, TCBC, BABC, BisAEPE or
BisAPE). This fact is explained by their higher monomer viscosity reducing the overall
monomer mobility during the curing process (e.g.. BuPE=4.7mPa*s v.s.
BisAEPE = 949 mPa*s; 4PE = 44 mPa*s v.s. TCBE = 2330 mPa*s).
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Figure 5: Triple bond (alkyne carbonates) and double bond ((meth)acrylates) conversion versus illumination time.

Nevertheless, it was demonstrated that it is possible to increase the overall monomer

conversion of thiol-yne networks by post-illumination in combination with heating the sample

above its T4 as it is demonstrated for formulations containing bisphenol A derivatives (see

Figure 6). Hereby it was possible to improve the monomer conversion from 62% to 92% for
BisAPE and 65% to 95% for BisAEPE while significantly reducing the amount of leachable
monomers. For these tests, the thiol TMPS was used instead of TMPMP and PETMP in

order to improve the network properties as this type of ester-free thiol is known to provide

hydrolytically stable networks with good mechanical properties, even after water storage

P 62,22
(vide infra).”™
1.0 .:::
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Figure 6: Conversion of the alkyne monomers BisAEPE (square) and BisAPE (triangle) in alkyne/TMPS
formulations versus illumination time including thermal post-curing.
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2.2.6 Storage Stability
2.2.6.1 Stability of alkyne ether formulations

High monomer reactivity raises the question of shelf-life stability, as thiol-based formulations
are known for their rather poor storage stability.”" It was recently reported that pyrogallol in
combination with appropriate phosphonic acids sufficiently suppresses occurring dark
reactions in thiol-based resins.” Therefore, accelerated stability tests at 50 °C, monitoring the
resin viscosity, were carried out with BuBE/TMPMP and BuVE/TMPMP serving as a
reference. While BuVE/TMPMP containing 0.5 wt% of pyrogallol and 2wt% of
decylphosphonic acid as stabilizers, completely gelled after 4 h, BUBE/TMPMP, containing
the same stabilizers, showed only a viscosity increase of 22% after one week of storage
under the same conditions. The higher stability of alkyne monomers can be attributed to their

absent reactivity towards Michael donors which is another advantage of thiol-yne systems.

2.2.6.2 Investigation of different stabilizers in alkyne carbonate formulations

Additionally, different stabilizers were tested in a DBC/PETMP formulation. Due toxicological

aspects stabilizers have been chosen that can also be found in the food industry including

L82 |83

propyl gallate,®® lauryl gallate,®" 4-hexylresorcino a-tocophero and butylated

hydroxytoluene (BHT)* (see Scheme 6).

OH OH
HO. HO
o O
HO NN HO
(0]
BHT Propyl gallate Lauryl gallate

OH
OH

OH

4-Hexylresorcinol Tocopherol
OH Ho
OH HQP/“\//\x/A\V/\\
N P S\
o o/
OH
Pyrogallol DIOPA MEHQ

Scheme 6: Investigated stabilizers.
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To compare their stabilization efficiency in a DBC/PETMP formulation (containing
concentrations of 0.25wt% or 0.5 wt% stabilizer) the viscosity of each formulation was
monitored on a cone-plate rheometer under continuous rotation at 50 °C (accelerated
stability tests). The stabilizer efficiency was compared to the hetero-synergistic system
pyrogallol/diisoctylphosphinic acid (DIOPA) and hydroquinone monomethyl ether (MEHQ).

For comparison, the viscosity increase after 20 h is depicted in Table 4.

Table 4: Viscosity increase after 20 h of investigated stabilizers.

Concentration / Viscosity increase
wt% after 20 h / %
non stabilized - 278
Propyl gallate 0.25 121
Propyl gallate 0.5 76
Lauryl gallate 0.25 42
Lauryl gallate 0.5 38
4-Hexylresorcinol 0.5 80
BHT 0.5 49
a-Tocopherol 0.5 995
MEHQ 0.5 36
Pyrogaliol 0.5 43
Pyrogallol / DIOPA 05/25 42

While the viscosity of the non-stabilized formulation increased by 278%, the investigated
additives showed significant stabilizing effects with exception of a-tocopherol which lead to
an viscosity increase by 995%. Lauryl gallate (+38% for 0.5 wt% and +42% for 0.25 wt%)
clearly showed the best stabilizing effect at both investigated concentrations, comparable to
the reference MEHQ (+36% for 0.5 wt%) and pyrogallol (+43% for 0.5 wt%). The effect was
slightly less pronounced for BHT (+49% for 0.5 wt%), while decreased stability could be
observed by propyl gallate and 4-hexylresorcinol. Mentionable, the acidic co-stabilizer did not

show any beneficial effect in combination with pyrogallol.
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2.2.7 Network structure and thermo-mechanical properties
2.2.7.1 Alkyne ethers networks

Thiol-ene derived photopolymers from vinyl ethers are known for their good biocompatibility,
however, one major limitation is their poor mechanical properties due to their low glass
transition temperatures (T,) compared to thiol-yne networks.**® For polymers intended for
hard tissue engineering the glass transition temperature has to be above body temperature,
thus, the polymer has to be in its glassy state to provide desired mechanical properties.
Major factors influencing the T4 are the structure of the polymer backbone and the crosslink
density. Dynamic mechanical analysis (DMA) measures the temperature dependent storage
and loss moduli and therefore gives access to the glass transition temperature. However,
getting detailed information about the crosslink density is much more difficult. For slightly
crosslinked polymers equilibrium swelling is reported,®®% while homogenous networks can
be studied by correlating the network density with the T4 and the storage modulus in the

rubbery state.®®

However, to get quantitative access to the network density and also the fraction of non-
network-bound chains (e.g. residual monomers, photoinitiators or their cleavage products),
double quantum (DQ) solid state NMR represents a unique and versatile method.**® Hereby
the residual dipolar couplings (Dy.s) of neighboring 'H-'H pairs are measured which describe
the orientational anisotropy of polymeric chains caused by restricted motion in the polymer,
resulting from e.g. crosslinks. D, is, therefore, direct proportional to the crosslink density.
The measuring temperature has to be more than 50°C above the T4, enabling unrestricted
motion of polymeric segments, thus avoiding artifacts by reducing their conformal space.”’
Using appropriate pulse sequences and fitting parameters for the resulting build-up curve
(e.g. Gaussian fit, second momentum approximation),®? D, and the defect fraction (DF),

describing non-network chains can be obtained.

For a better understanding of the network behavior of thiol-yne photopolymers, DQ NMR was
used to compare the network density of a thiol-ene derived polymer with thiol-yne derived
polymers based on the same backbone structure. Therefore 1,4-butanediol divinyl ether
(BuVE) was compared with BUPE and BuBE in combination with TMPS. Comparison of the
D.s values in Table 5 shows that the crosslink density of thiol-yne derived photopolymers is
six-times higher compared to thiol-ene photopolymers. This confirms the observations of

Fairbanks et al.®® The fraction of non-network chains is in accordance with the expected
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amount and can be explained by residual photoinitiator or its fragments and residual,

unreacted monomers in the sample.

Table 5: Analysis of the normalized DQ curves obtained for the different samples at 100 °C.

Sample Des/21 | Oresl2m | non-network chains /
kHz kHz %
BuBE/TMPS 9.0 1.4 4.3
BuPE/TMPS 8.4 2.0 4.6
BuVE/TMPS (Gaussian distribution) 1.4 1.3 2.5

The much higher crosslink density of thiol-yne derived photopolymers results in a higher T
and thus, in an improvement of their mechanical properties as it is confirmed by DMA
measurements. While BUVE/TMPS exhibits a T4 of only -35 °C, its analogous alkyne ethers
BuPE/TMPS and BuBE/TMPS show T4s between 34 - 36 °C as it is shown in Table 6.

Table 6: Results of DMA measurements of alkyne ethers.

Monomer T,/°C | E'at37°C/MPa | FWHM/°C
BuVE -3520° 17+1° 10+0°
BuMAc 50+38 1650420 -
BuAc 80+6 1420430 -
BuPE 34%1° 255+30° 42+0°
BuBE 36x0° 230%5° 34x1°
BisAEPE 580° 1200+75°° 20+0°°
BisAPE 100+1°° 1860+10°° 59+0"°

b Corresponds to a formulation with a stoichiometric amount of TMPS

° Measured after post-curing at 100 °C

However, their thermo-mechanical properties are still inferior compared to the
(meth)acrylates which show a T4 of 50 °C (BuMAc) and even 80 °C (BuAc) and much higher
moduli at 37 °C of 1400 — 1600 MPa compared to 230 — 250 MPa of BUuPE and BuBE. This
fact that can be attributed to the high flexibility of thioether linkages.*® The full width at half-
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maximum of tan delta (FWHM) which is a measure of network homogeneity of BUuVE is much
lower than for BUPE and BuBE indicating a homogeneous network structure. Nevertheless,
alkyne ethers still show a much narrower glass transition than the (meth)acrylates as it can
be seen for BUAC, BUPE and BuUBE in Figure 7 (left).
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Figure 7: Storage modulus and tan delta versus temperature. Left: BuAc. (dotted) and the stoichiometrically
balanced polymerization of BUBE/TMPS (chain-dotted) and BUuPE/TMPS (solid). Right: BiSAEPE/TMPS (solid)
and BisAPE/TMPS (dashed).

The use of rigid backbone structures significantly enhances the thermo-mechanical
properties as it is shown by the example of the bisphenol A derivatives in Table 6 and Figure
7 (right). Therefore, photopolymers can be obtained with a T4 well above body temperature,

allowing the fabrication of biomedical materials.

2.2.7.2 Alkyne carbonates networks

Similar DMA results were obtained for alkyne carbonates which were polymerized with
PETMP. Although the T, of C4 based monomers is above 37 °C, the storage moduli for
4PC/PETMP and 4BC/PETMP were still too low as it is shown in Table 7 and Figure 8 (left).

A slight improvement in modulus was achieved by the additional methyl group in 4MPC,
however, appropriate storage moduli and significantly higher T4s were only obtained by rigid
backbone structures (BABC or TCBC) or the use of multifunctional alkynes as shown for
TMPC in Figure 8 (right).
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Table 7: Results of the DMA measurements of alkyne carbonate/PETMP photopolymers.

Monomer T, [tan(delta)] / °C E' (37 °C) FWHM / °C
4PC/PETMP 4511 509433 19+1
4PC/20TMPS 48+1 11344216 1441
4BC/PETMP 4141 25741 1541
4MPC/PETMP 49+3 11074112 1415
TMPC/PETMP 59+1 16291126 28+1
BABC/PETMP 60+1 215510 17+2
TCBC/PETMP 56+1 1720141 1941
TCBC/DIiPETMP 721 2346134 171

Again the network homogeneity of the presented thiol-yne photopolymers is much higher
than for (meth)acrylates as reflected by their lower FWHMs in Table 7 and the weakly

defined maximum of tan delta of BuAc in Figure 8.
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Figure 8: Storage modulus and tan delta from DMA measurements of investigated polymer samples. Left:
4MPC/PETMP (solid), 4BC/PETMP (dashed), BuAc (chain dotted). Right: TMPC/PETMP (solid), BABC/PETMP
(dashed).

Replacing 20% of PETMP by TMPS in a 4PC/PETMP formulation already lead to an
increase of 3 °C of the Ty and a narrower glass transition, resulting in a higher storage
modulus at 37 °C as depicted in Table 7 (4PC/20TMPS) and Figure 9 (left). Replacing
PETMP with DIPETMP as it is shown for TCBC in Figure 9 (right) lead to an increase of
17 °C for the T4 and an increase in modulus by 600 MPa.
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These observations can be compared to thiol-ene derived photopolymers. DMA
measurements of cured samples of TATT in combination with TMPS and PETMP revealed
that TMPS leads to slightly improved mechanical behavior compared to PETMP in terms of

Tg.

_______ —— 4PC/20TMPS
- - 4PC/PETMP

1000 1000

100 - 100 5

tan delta
E'/ MPa
tan delta

E'/MPa

- - TCBC/DIPETMP r04

—— TCBC/PETMP

0.0

-20 0 20 40 60 80 100
T/°C

Figure 9: Storage modulus and tan delta from DMA measurements of investigated polymer samples. Left:
4PC/20TMPS (solid), 4PC/PETMP (dashed). Right: TCBC/DIPETMP (dashed) and TCBC/PETMP (solid).

Most mentionable, the mechanical properties of cured TATT/TMPS were mostly unaffected
by water uptake as shown in Table 8. It can be seen that the T, and the storage modulus of
polymer samples after immersion in water for 24 h remained constant. This was not the case

for PETMP-derived thiol-ene samples which showed a significant decrease in their T, and

their storage modulus after water storage.

Table 8: Storage moduli and Tgs of photocured TATT/TMPS, DBC/PETMP and DBC/DIPETMP resins before and
after storage in water for 24 h.

Thiol Monomer T,/ °C? T,/ °C? E'/ GPa E'/ GPa
before after before after
TATT/TMPS 67+1 67+1 1.5° 1.3°
TATT/PETMP 61+1 42+1 2.0° 1.4°
DBC/PETMP 50+1 47+1 1180° 1050°
DBC/DIPETMP 61+1 57+1 1710° 1590°

? determined at the maximum of tan delta
b storage modulus (E’) measured at 25 °C

¢ storage modulus (E’) measured at 37 °C
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In contrast thiol-yne derived photopolymers with ester-bearing thiols were much less affected
by water absorption. This was shown by the example of DBC/PETMP and DBC/DIPETMP in
Table 8 where the T, and the storage modulus (measured at 37 °C) remained almost
constant after immersing samples in water for 70 days. An explanation can be found in the
higher crosslink density of thiol-yne photopolymers. Monitoring the water uptake over time
(shown in Figure 10) revealed that DBC/PETMP showed higher water absorption compared
to DBC/DIPETMP due to its looser network structure. The water absorption capacity is
known to increase with the ester content in the polymer.*®®? This was confirmed by the fact

that DBC/TMPS clearly showed the lowest water absorption.
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Figure 10: Water absorption of DBC/PETMP, DBC/DiPETMP and DBC/TMPS.

2.2.7.3 Impact properties of thiol-yne photopolymers

Dependent on their application, medical devices (e.g. implants) need to withstand external
impact forces and they need to show toughness under load-bearing situations. Therefore,
impact strength is an important parameter that has to be considered. As a consequence, the
impact properties as a measure of polymer toughness of TCBC derived photopolymers were
investigated by Charpy impact testing. It was discoverd that polymers with high toughness
were obtained which showed impact strengths that were much higher (TCBC/PETMP) or
comparable (TCBC/DIPETMP) to PLA. As it is shown in Figure 11, these photopolymers
significantly outperformed the comparable acrylate in terms of impact strength and provide

thermo-mechanical properties sufficiently high for the production of biomedical devices.
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Figure 11: Charpy impact strength and T4 of DBC/PETMP, DBC/DIPETMP, BuAc and PLA.*

*fogr4Charpy impact strength of PLA review Mautner et al.*®; for Ty of PLA review Middleton et al.** and Hassan et
al.

2.2.7.4 In-depth investigations on the network formation

In the following chapter, DBC was used and investigated in combination with the three
different thiols, TMPMP, PETMP and DIiPETMP in order to further study the network
formation and its correlation with the functionality of the thiol and trying to link it with the

resulting mechanical properties in order to generate tough polymers.

The mechanical properties and the curing speed of photopolymers are strongly influenced by
the time to reach gelation (i4), the conversion at the gel point (MC,), the overall monomer
conversion (MC) and the shrinkage force (Fy). Real-time Near Infrared (RT-NIR)
Photorheology is capable of investigating all these parameters within one single
measurement.” While thiol-yne photopolymers react in a step-growth mechanism they are
known for a higher conversion at the gel point compared to (meth)acrylates which react via a
chain growth mechanism.®" Due to a higher mobility of monomers and radicals below the gel
point, this results in higher overall monomer conversion. While in (meth)acrylic systems the
gel point is reached a low conversion, hindered monomer mobility above the gel point is

responsible for the lower overall conversion and the evolution of shrinkage stress.

In photorheology the time of gelation ty, is reached when the storage modulus (G’) intersects
the loss modulus (G”), hence G/G” =1, which is displayed in Figure 12 (left) for
DBC/TMPMP, DBC/PETMP, DBC/DIPETMP and BuAc as the reference. While BuAc
reaches gelation already after 1.7 s, it is significantly delayed in an increasing order starting
from DBC/DIPETMP to DBC/PETMP to DBC/TMPMP (compare Table 9), while ty increases
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with decreasing thiol functionality which is explained by the faster network formation and the
higher resin viscosity when applying multifunctional thiols. The shrinkage stress, expressed
by the normal force Fy behaves diametrical to the ty, as seen in Figure 12, with BuAc
exhibiting the highest shrinkage stress (Fy = 32.7 N), followed by DBC/DIPETMP (Fy = 26 N),
DBC/PETMP (Fn = 24.7 N) and DBC/TMPMP (Fy = 22.1 N).
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Figure 12: Left: Determination of the gelpoint (G’/G” = 1, —). Right: Measurement of the normal force Fn. BuAc
(chain double dotted), DBC/TMPMP (dotted), DBC/PETMP (dashed), DBC/DIPETMP (chain dotted). Light starts
at0s.

MC, which was obtained by monitoring the decreasing signals in the NIR region of the triple
or double bonds of alkynes or the acrylate, respectively, increases with decreasing thiol
functionality while being significantly higher for all thiols compared to BuAc. Although all thiol-

yne resins show much higher viscosities (77) than BuAc, they still reached similar high MCs.

Table 9: Investigated parameters of DBC/thiol formulations and their corresponding photopolymers including
reference sample BuAc.

nl T E' at

Formulation * tgel MC, | MC |DF |Rel.| Rel o 20 °C

mPa*s I's I % 1% |1% | Des | E’(100°C) | /°C

/ MPa
DBC/TMPMP 66 10.3+0.2 | 552 95 5 1 1 37+0 2048+20
DBC/PETMP 114 | 81:02 | 46%1 | 92 | 11 | 15 1.3 500 | 1937266
DBC/DIiPETMP | 298 | 5.6#03 | 35¢1 | 90 | 12 | 1.8 1.6 610 | 193988
BuAc 4 1.7¢0.1 | 182 | 89 | — | - 836 | 1612+22
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Studies of the network properties by DQ NMR showed a direct correlation of the crosslink
density (expressed by the relative (Rel.) D,s values in Table 9) with the thiol functionality
while the amount of non-network chains (DF) correlated with the expected amount of
unreacted monomers and photoinitiator or its cleavage products. Estimating the crosslink
density by comparing the storage moduli in the rubbery state (Rel. E’(100°C) in Table 9), as
proposed by Fairbanks et al.?® lead to only slight deviations to those results. This fact clearly
underlines the advantages of DQ NMR where detailed information about the crosslink

density and the fraction of non-network chains can be obtained by a single measurement.

As a result of the increasing crosslink density by increasing thiol functionality, the T, (at tan
delta max) measured by DMA increased steadily from 37 °C (DBC/TMPMP) to 61 °C
(DBC/DIPETMP), while the FWHM remained between 10°C - 22 °C, reflecting highly
homogenous networks (compare Figure 13, left). The storage moduli ranged from 1900 -
2100 MPa. Measuring the impact resistance (Charpy impact testing) as an indicator for

polymer toughness, high values of 16 — 38 kJ*m™

, as depicted in Figure 13 (right) were
obtained which are comparable to TCBC, as discussed previously (vide supra). Especially
DBC/DIPETMP can outperform the reference acrylate BuAc in terms of storage modulus and
impact resistance (BuAc: 3 kJ*m? v.s. DBC/DIPETMP: 16 kJ*m™) while offering reasonable
T, of 61 °C. The fact that the observed shrinkage forces only slightly deviated, suggests that
not only shrinkage stress, but also network homogeneity is playing a role for the higher

impact strength for the investigated alkynes in comparison to the acrylate.
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Figure 13: Left: DMA plots of DBC/TMPMP (chain dotted), DBC/PETMP (solid) and DBC/DIPETMP (dashed).
Right: Measured Charpy impact strengths for DBC derived polymers and BuAc.
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2.2.8 Degradation of alkyne carbonates derived photopolymers

For several medical applications as e.g. scaffolds for bone regeneration therapies, hydrolytic
polymer degradation can be desired.* While degradation products of (meth)acrylates are
known for their potentially adverse effects, step-growth derived polymers containing
degradable linkers are expected to degrade to low molecular weight degradation products

which are easily removed from the degradation site in the human body.**#94°

Therefore, the degradation behavior of alkyne carbonates in alkaline and acidic solution was
investigated and it was demonstrated that it is possible to tune the degradation times by
combining degradable (PETMP) and non-degradable thiols (TMPS, EDT). While
hydrolytically stable polymers were obtained using EDT (g-i in Figure 14), it was possible to
significantly slow down degradation in alkaline and acid solution by replacing 5 to 20% of
PETMP by the silane-based thiol TMPS (d-f in Figure 14). Mentionable the thermo-
mechanical properties were not negatively influenced by TMPS as it was presented in Figure
9 (left). Degradation in alkaline media was expectedly faster than under acidic conditions due
to the higher sensitivity of ester groups towards alkaline hydrolysis.® In alkaline medium,
4PC/PETMP and 4BC/PETMP showed similar degradation behavior as PLA and fully
degraded within 7.6 days. Enhanced hydrophobicity, derived from the additional methyl
groups of MPC/PETMP (Figure 14, c) significantly decreased the degradation rate, leading to
(extrapolated) full degradation after 34 days. While EDT derived polymers tended to swell as
a result of the low network density, all other polymers degraded in a surface erosion manner,
which is desired for degradable polymers as bulk erosion leads to a premature loss and non-

linear decrease of the mechanical properties.*’
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Figure 14: Weight losses during degradation for the formulations a) 4PC/PETMP, b) 4BC/PETMP, c)
4MPC/PETMP d) 4PC/5TMPS, e) 4PC/10TMPS, f) 4PC/20TMPS, g) 4PC/EDT, h) BC/EDT, i) MPC/EDT and PLA
(left only) in 1 M NaOH (left) and 1 M HCI (right) at 45 °C.
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2.2.9 3D printing of tough thiol-yne derived photopolymers

TCBC demonstrated excellent curing rates, conversion and low cytotoxicity, as well as
excellent mechanical and impact properties in combination with DIPETMP. lIts printability was
evaluated using a blue light (peak at 460 nm) DLP printer. Using Sudan Il as a light absorber
and Ivocerin® as a photoinitiator, test patterns (shown in Figure 15) were successfully
printed. The achieved accuracy of 40*40 um represented a resolution that is high enough for
the production of bone scaffolds where pore sizes of 50 — 1000 um are known to allow

optimal bone ingrowth.*>%*3

Figure 15: 3D printed test patterns from a TCBC/DIPETMP formulation (scale on the left shown in cm).

Alkyne ethers, alkyne carbonates and new a thiol in thiol-yne resins are presented as
alternatives to (meth)acrylates for the AMT-based production of medical devices.
These monomers show significantly lower cytotoxicity and higher monomer
conversion, but comparable photoreactivity to acrylates. Studies on their network
properties revealed their superiority in terms of network homogeneity and crosslink
density, leading to materials with high glass transition temperatures, high storage
modulus and toughness, offering tunable degradability and good 3D printability in a

DLP process.
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3 Low Migration Type | Photoinitiators for Thiol-
based Resins

The following results have been published in European Polymer Journal and submitted to

Journal of Material Engineering.®”%

3.1 State of the art

Photoinitiators (Pls) are essential components in photoreactive resins. While the toxicity of
the commonly used (meth)acrylate monomers has already been discussed in the previous
chapter, the migration of photoinitiators or their cleavage products is an important issue
which has to be addressed for the development of new biocompatible materials. To date only
a few studies can be found in the literature that deal with the toxicity of commonly used
photoinitiators or their migration potential in 3D printed medical materials.*® Williams et al.
investigated the toxicity of different photoinitiators using a various cell types and concluded
that Irgacure 2959 (12959) shows biocompatibility and low cellular toxicity.*® The superiority
of 12959 in terms of low cytotoxicity was confirmed very recently by Liska and co-workers
who studied water-soluble hydroxyl ketone and acylphosphine oxide based photoinitiators.*
However, the toxicity of cleavage or side products of photoinitiators was not considered,
which is surprising due to the fact that the toxicity of the main cleavage product of 12959, the
4-(2-hydroxyethoxy)benzaldehyde has not been evaluated to our knowledge.'® Addressing
low photoinitiator migration, polymers carrying photoinitiating units or oligomeric
photoinitiators have been studied. However, due to their reduced mobility resulting from a
strong viscosity increase due to the high molecular weight of applied Pls, only poor reactivity
and sometimes poor resin compatibility were observed.®"'%? Another interesting approach to
achieve low PI migration are polymerizable photoinitiators as published in the patent
literature by DuPont."® This concept describes a polymerizable group being attached to a
photoinitiator. Upon photopolymerization, the photoinitiating unit gets immobilized by
covalent linking to the polymer matrix inhibiting its diffusion and thus, migration. While this
concept is rather simple, most studies dealing with this type of photoinitiators only focused on
the photochemical performance, ignoring their migration behavior.” % In most cases
reduced reactivity could be observed during polymerization as the diffusion of radicals and

excited groups is being reduced due to the subsequent photoinitiator immobilization.
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While studying the photoreactive behavior and the migration potential of benzophenone
derivatives, carrying polymerizable alkynyl ester and vinyl carbonate groups, we observed
high migration stability with decent initiation performance of theses Pls in 1,4-butanediol
divinyl carbonate BuVC/TMPMP formulations.'® In this thiol-ene system, due to the step-
growth mechanism, a high mobility of benzophenone and the formed radicals is enabled
below the gel point. However, the Norrish type Il initiation mechanism of benzophenone is
known for its inferior initiation performance compared to type | initiators.'®” This behavior is
explained by the fact that the cleavage reaction of type | photoinitiators proceeds much faster

than the electron and proton transfer of type Il photoinitiators.

Expecting a consequently higher photoreactivity of type | photoinitiators, derivatives of 12959
and Irgacure TPO-L (TPO-L), carrying a photoreactive propargyl ether group, respectively,
were synthesized. Their absorption characteristics and performance in a low cytotoxic thiol-
ene resin (BuVC/TMPMP) was investigated. Furthermore, their migration behavior was
studied and compared to their non-polymerizable references. The photoreactivity and the
migration behavior of 12969 and its polymerizable derivative were additionally studied in a

thiol-yne resin (DBC/PETMP) to show the versatility of these types of Pls.

3.2 Results and Discussion

3.2.1 Synthesis

The synthesis of the modified 12959, PI-4, was carried out by an esterification of phenol

followed a subsequent Fries rearrangement using catalytic amounts of AlCI; as described in

the literature (see Scheme 7).
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Scheme 7: Synthesis of photoinitiator Pl - 4.
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Bromination of 2 and subsequent reaction with NaOH lead to the hydroxy ketone 3 which

was further reacted with NaH and propargyl bromide to the desired PI - 4.

The modified TPO-L was synthesized according to Scheme 8. The commercially available
TPO-L was reacted with sodium iodide to its corresponding salt which was converted to 6
under acidic conditions. Further reaction of 6 with SOCI, under elevated temperatures
(110 °C) and catalytic amounts of DMF lead to its corresponding acid chloride 7 which was

subsequently converted to Pl - 9 under alkaline conditions with propargyl alcohol.
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Scheme 8: Synthesis of the photoinitiator Pl — 9.

3.2.2 Absorption by UV-Vis Spectroscopy

UV-Vis spectroscopy was used in order to investigate the absorption behavior of light which
is an essential factor for photocurable resins as the absorption maximum has to match with
the emission spectrum of the light source. The absorption characteristics of both Pls did not
significantly deviate from their references as shown in Figure 16. The modified Pls show only

slightly higher absorptions.
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Figure 16: Absorption spectra of the synthesized photoinitiators and the commercially available reference
substances (1.0 mM in acetonitrile). Left: 12959 (solid line), Pl — 4 (dotted line); right: TPO-L (solid line), PI -9
(dashed line).

3.2.3 Photoreactivity

The photoreactivity which was characterized by photo-DSC revealed similar values for Pl — 9
compared to TPO-L (compare Table 10) at both investigated concentrations of 1 mol% and
5 mol% in a BuVC/TMPMP resin. This was not the case for Pl - 4. Here, significantly lower
values regarding peak height and conversion (AH) and higher t.,.x values were obtained. This

indicates its lower reactivity compared to 12959 as shown in Table 10.

Table 10: Photopolymerization parameters obtained by photo-DSC.

Photoinitiator tmax | S Pe;"jv'lr‘;igﬂt Il aH 1 g4
12959 (5 mol%) 19 52 280
Pl - 4 (5 mol%) 25 23 190
TPO-L (5 mol%) 2.0 51 285
TPO-L (1 mol%) 19 48 320
PI—9 (5 mol%) 22 51 310
PI—9 (1 mol%) 2.1 48 300
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RT-FT-IR spectroscopy was used to observe the incorporation of the newly synthesized Pls
into the polymer matrix that are expected to follow the mechanistic principles shown in

Scheme 9.
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Scheme 9: Incorporation of Pl - 4 into the thiol-ene network during photopolymerization.

By studying the conversion of the triple bond of the alkyne functionality at 3250 — 3330 cm™ a
quantitative conversion of both polymerizable Pls was confirmed as shown in Figure 17 (left).
Thus, non-reacted Pl molecules but also their functionalized fragmentation products are
immobilized in the polymer matrix. Mentionable, as studied by Jokusch et al. and Kolczak et
al., who studied the fragmentation of the reference Pls, 12959 and TPO-L, the formation of

leachable acetone (P! - 4) and 2,4,6-trimethylbenzaldehyde (P! - 9) can be expected.''"°
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Figure 17: Conversion of alkyne ether groups of PI - 4 (red circle) and PI - 9 (black square) during UV illumination
(left) and results of photo-DSC measurements (tmax and peak height) of different concentrations (shown in wt%) of
Pl — 4 and 12959 in a DBC/PETMP resin formulation (right).
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The photoreactivity of Pl —4 was also studied in a thiol-yne resin at different applied
concentrations and compared to 12959 as shown in Figure 17 (right). The results of Pl —4
and its reference do not significantly deviate. Mentionable, a minimum concentration of
1 wt% seems to be necessary for an optimal curing performance. However, both Pls show
similar peak heights and t.,.x values at all investigated concentrations and also no significant
changes in AH were observed. This is in contrast to the observations in a thiol-ene resin. The
difference in photoreactivity of this Pl in both systems cannot be explained by its

immobilization in the polymer matrix. It is therefore subject of current research.

3.2.4 Migration Studies

For quantification of the amount of leachable photoinitiator and their cleavage products in
order to characterize their overall migration behavior, cured resin samples were immersed in
ethanol at 50 °C for 96 h. Using GC-MS it was possible to analyze the amount of 12959 and

Pl — 4 in the extracts.

In the extracts of the thiol-ene resin, BuVC/TMPMP, approximately 27% of the initially
applied amount of 12959 was detected, while the amount of Pl — 4 was below the detection
limit of the applied method (0.15 ug*mL™) as shown in Figure 18 (left). Mentionable, none of

its cleavage products were detected.

30 10

Fraction of migrated PI
in a thiol-ene Resin / %
thiol-yne resin formulation / %

Photoinitiator migration in a

Z 0
12959 Pl-4 TPO-L PI-9 0.25 wt% 1 wt% PI-4 0.25 wt% 1 wt%
Pl-4 12959 12959

Figure 18: Results of migration studies of Pl - 4 and P - 9 and their references in a thiol-ene (BuVC/TMPMP) resin
(left) and Pl — 4 and its reference at two different concentrations, respectively, in a thiol-yne resin (DBC/PETMP)
(right).

These results confirm the observations of the RT-FT-IR measurements in Figure 17 (left) and

reveal the beneficial effect of Pl -4 in terms of migration. In order to determine the amount of
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leachable Pl — 9 and its reference TPO-L in the thiol-ene resin, ICP-MS measurements were
performed which allow the quantification of these phosphorous containing Pls and also
potential, phosphorous-containing fragmentation products in the extracts. Surprisingly, a
rather high amount of phosphorous could be detected in the extract of Pl -9 (which
corresponds to approximately 16% of its applied amount). Due to RT-FT-IR measurements,
much lower values would have been expected. Presumably, a partial fragmentation of the P-
O bond can explain this observation, which had not been reported for TPO-L so far.

Nevertheless, the migration behavior was still reduced compared to TPO-L.

GC-MS studies on the extracts of thiol-yne (DBC/PETMP) resins with different
concentrations of Pl —4 and its reference 12959, respectively, revealed that the detected
amount of Pl -4 at an initially applied concentration of 0.25 wt% was approximately ten
times lower compared to its reference. At an applied concentration of 1 wt%, the amount of
Pl — 4 in the extracts was even below the detection limit (LOD) (0.5 pg*mL™") of the used
method, while about 6.5% of 12959 were extracted. The higher extracted amounts at lower
applied concentrations is explained by the reduced photoreactivity as shown in Figure 17
(right) which might have led to insufficiently cured samples, thus higher Pl mobility. Additional
focus was set on the migration of the cleavage product of Pl — 4. Besides acetone, which
was not considered in these studies due to its low toxicity, 4-(2-hydroxyethoxy)benzaldehyde
is the main cleavage product of 12959 as reported in the literature.”' Assuming an analogous
cleavage behavior for Pl — 4, 4-(prop-2-yn-1-yloxy)benzaldehyde was expected as the major
cleavage product. However, this cleavage product was not detected in any of the extracts of
Pl — 4, which underlines the superiority of Pl —4 as a highly efficient, low migration PI for
thiol-yne resins, making this type of polymerizable Pl a promising candidate for

biocompatible applications.

Two propargyl ether-functionalized photoinitiators were synthesized and their
absorption behavior was characterized. While Pl — 9 showed excellent photoreactivity
in a thiol-ene resin, Pl-4 is particularly suitable for thiol-yne resins. This was
confirmed by migration studies, where this type of Pl showed almost quantitative
incorporation into the polymer network, reducing the amount of migration products to

a minimum below the detection limit of the applied GC-MS analysis method.
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4 Summary

The present work highlights the potential of thiol-yne photopolymers as biocompatible
alternatives to (meth)acrylates for the AMT-based production of medical devices. Alkyne
ethers and alkyne carbonates have been synthesized in facile reaction pathways with high
yields. As it was proven by real-time NMR studies, molecules bearing terminal alkyne groups
show no significant reaction towards Michael donors under simulated physiological
conditions in contrast to (meth)acrylates. Thus, a low cellular toxicity of alkyne-based
monomers was predicted which could be confirmed by in-vitro cell culture tests. Photo-DSC
revealed very high photoreactivities of these monomers in combination with multifunctional
thiols, which were in the range of acrylates, especially for but-1-yn-4-yl ethers and
carbonates. Most importantly, it was demonstrated by real-time FT-IR spectroscopy that
these investigated thiol-yne formulations show very high monomer conversions. Additionally,
it could be shown, that the overall conversion can be increased by UV post-curing under
elevated temperature, making these polymers interesting for the production of medical
devices, where low migration of unreacted monomers is essential. Investigations of different
stabilizers in a DBC/PETMP formulation revealed that the storage stability was significantly

enhanced by the use of food-compatible additives.

Investigations on the network density of 1,4-butandiol based alkyne ether derived thiol-yne
photopolymers showed a six times higher crosslink density compared to an analogous thiol-
ene (vinyl ether) derived photopolymer as it was studied by DQ solid state NMR
spectroscopy. As a result, T4s and storage moduli are significantly increased as confirmed by
DMA measurements. Additionally, the studied networks appeared very homogenous as it
was indicated by the narrow FWHMs of tan delta. The use of rigid backbone structures as
shown by the example of bisphenol A derivatives further improved the storage moduli and

lead to Tg4s that were significantly above body temperature.

A similar behavior was observed for alkyne carbonates. 1,4-butanediol based alkynes lead to
photopolymers with insufficiently high glass transition temperatures for internal body
applications. In contrast, multifunctional alkynes or rigid backbone structures yield
photopolymers with high T¢s and also very high impact strengths (Charpy impact) that are in

the range or even higher than it is reported in the literature for PLA.

In-depth investigations on the network formation by photorheology of DBC in combination
with the three different thiols (TMPMP, PETMP and DIiPETMP) revealed that gelation is
significantly delayed for thiol-yne derived photopolymer compared to the reference acrylate.

This lead to high conversions at the gel point and high overall monomer conversions with
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slightly lower shrinkage stress values. Expectably, the crosslink densities and the Tgs of
these thiol-yne photopolymers increases with increasing thiol functionality as studied by DQ
NMR and DMA. As the measured shrinkage stress value of the acrylate only slightly deviates
from the investigated thiol-yne polymers, the increased impact strength can be attributed to

their high network homogeneity.

Thiol-yne formulations also showed excellent printing behavior with high accuracy in a DLP
process, as it was demonstrated on the example of a TCBC/DIPETMP formulation. It was
also shown that thiol-yne polymers were able to undergo controlled degradation under
alkaline or acidic conditions. Studies on alkyne carbonates revealed that the degradation rate
can be easily tuned by combining the hydrolytically unstable PETMP with the hydrolytically
stable thiol TMPS, without significantly reducing the thermo-mechanical properties. While
TMPS was synthesized in a two-step process, it showed much lower viscosity than PETMP.
Most importantly, the thermo-mechanical properties of thiol-based photopolymers containing

TMPS were slightly improved and not negatively influenced by water absorption.

Using alkyne functionalized Pls, low migration of Pls or their cleavage products was
achieved in thiol-based resins. This was demonstrated in biocompatible thiol-ene and thiol-
yne formulations with propargyl ether functionalized derivatives of 12959 (see Pl -4) and
TPO-L (see PI—9). While these Pls can be accessed via facile multi-step reactions, they

showed similar absorption behavior as their non-polymerizable references.

Both Pls showed quantitative triple bond conversions and high photoreactivities in thiol-ene
or thiol-yne resins. GC-MS analysis of the extracts of Pl — 4 containing samples revealed that
the amount of leachable Pl and its cleavage products in thiol-ene and thiol-yne
photopolymers, respectively, was below the detection limit of the GC-MS method. Much
higher amounts of phosphorous-containing fragments were detected by ICP-MS for Pl — 9 in
thiol-ene samples. However, its concentration was still lower than for the reference PI.
Especially, their low Pl migration but also their high initiation performance in thiol-based
resins makes theses Pls interesting candidates for low migration applications as for example

medical materials.

Due to the versatile properties of the presented thiol-yne photopolymers including low
monomer cytotoxicity, high photoreactivity and monomer conversion, together with excellent
thermo-mechanical and impact properties, while revealing good printability, this material

show very high potential for the 3D printing of medical devices.
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DMA measurements were performed by Moser Andreas. GC-MS measurements were
carried out by Edler Matthias. The publication was written by Oesterreicher Andreas in
accordance with input and corrections from Prof. Griesser Thomas, who supervised this

project.
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ABSTRACT: The last decade has seen a remarkable interest in
the development of biocompatible monomers for the realiza-
tion of patient specific medical devices by means of UV-based
additive manufacturing technologies. This contribution deals
with the synthesis and investigation of novel thiol-yne based
monomers with a focus on their biocompatibility and also the
mechanical properties in their cured state. It could be success-
fully shown that propargyl and but-1-yne-d4-yl ether derivatives
have a significant lower cytotoxicity than the corresponding
(meth}acrylates with similar backbones. Together with appro-
priate thiol monomers, these compounds show reactivities in
the range of (methjacrylates and almost guantitative triple

INTRODUCTION Recent years have seen an increasing inter-
est in the development of biocompatible, UV curable mono-
mers for medical applications.! This fact can mainly be
explained by the rapid progress in UV-based additive
manufacturing technologies {AMTs), such as stereolithogra-
phy, digital light processing, or three-dimensional {3D) ink-
jet printing, which enable fast, accurate, and individual fabri-
cation of biccempatible structures.?

Currently, monomers based on {meth)acrylates are the state-
of-the-art UV curable materials for protective and decorative
coatings.>® These building blocks are characterized by their
excellent storage stability and fast curing rates. Moreover
the mechanical properties of the resulting polymers can easi-
ly be adjusted by the choice of different spacers in photopo-
lymerizable oligomers and by using different types of low
molecular mono-, di-, and multifunctional {meth)acrylates as

bond conversions. A particular highlight is the investigation of
the network properties of photo cured alkynyl ether/thiol resins
by means of low field solid state nuclear magnetic resonance
spectroscopy. Additionally, dynamic mechanical analysis of
those polymers revealed that monomers containing rigid back-
bones lead to moduli and glass transition temperatures (Ty's),
sufficiently high for the fabrication of medical devices by UV
based additive manufacturing methods. © 2016 Wiley Periodi-
cals, Inc. J. Polym. Sci, Part A: Polym. Chem. 2016, 54,
3484-3494

KEYWORDS: low cytotoxicity; photopolymers; thiol-yne

reactive diluents. One considerable drawback of this class of
chemical compounds is their comparably high irritancy and
even cytotoxicity in their uncured state.>” This disadvanta-
geous behavior can be mainly attributed to the reactivity of
the acrylate double bond toward Michael addition reactions
with amino- or thiol-groups of proteins or DNA® This fact,
together with the incomplete curing behavior of (meth)acry-
lates {double bond conversions in the range of 60%-90%
can usually be obtained) prevents their usability for medical
purposes, that is, for materials which remain in contact with
or within the human body.

Recently, several alternative radical curable functionalities,
such as vinylcarbonates, vinylesters, and vinylcarbamates have
been introduced as interesting alternatives to {meth)acrylate
based resins providing a significant lower cytotoxicity.>%?
However, the need of expensive reagents for the synthesis of

Additional Supporting Information may be found in the online version of this article.

© 2016 Wiley Periodicals, Inc.
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those monomers along with their comparably low homopoly-
merization rates may explain why such resins have not
entered the market so far’ In particular, compounds bearing
easily abstractable hydrogens as, for example, in oligo ethyl-
ene glycol units are far less reactive than the corresponding
acrylates. Although the addition of multifunctional thiols,
which also provide very low cytotoxicity, accelerates the cur-
ing rates of those monomers toward values of acrylates, the
Young's modulus and the glass transition temperature are
lowered significantly. This fact can be attributed to a decrease
in the cross-link density and also to the flexibility of the com-
monly used thiol compounds, that is, mercapto propionic
ester derivatives, and the formed thioether bonds.”

In general, the addition of thiols to ene-monomers results in
reduced resin stability (shelf-life) due to occurring dark poly-
merization reactions.’® Another mentionable drawback is the
characteristic odor of thiol monomers. Due to the limited net-
work properties, thiol-ene photopolymers do not fulfill the
demands of medical applications, such as dental restoratives
or hard tissue replacements.’ This fundamental limitation of
the thiol-ene step growth polymerization is explained by the
fact that each ene functional group reacts only once with a
thiol, whereas in chain growth polymerization, each ene group
becomes part of a polymer chain leading to higher network
densities. Numerous approaches have been undertaken to
increase the mechanical properties of thiol-ene polymers by
using rigid ene and thiol compounds or monomers which are
capable to form hydrogen bonds.!%12-15

Anather possibility to enhance the network properties is to
increase the network density of such photopolymers. An ele-
gant approach is to use multifunctional alkynes instead of
ene monomers.'®*® In this so called thiol-yne polymeriza-
tion an yne functional group reacts with a thiol to form a
vinylsulfide, which can subsequently react with another thiol.
Outside of the dual reactivity that offers a significant
increase in the cross-link density, all other characteristics of
the thiol-yne photopolymerization follow the ideal click reac-
tion paradigm of thiol-ene systems. The polymerization is
highly efficient and relatively unaffected by oxygen, ensuring
the formed network being nearly ideal in homogeneity.

Fairbanks et al. studied systematically the relative reactiv-
ities of a range of different yne monomers revealing high
reaction rates for terminal alkynes and propargyl esters.2’
Only moderate polymerization rates were found for propar-
gylethers and internal alkynes. Cyclooctyne, methylpropar-
gylamine and ethyl propiolate do not show this bireactive
character.

Very recently, Pretzel et al. investigated the cytotoxic poten-
tial of internal alkynes. It was found that besides the type of
the polymerizable moiety, also the spacer group of photo-
reactive building blocks exerts significant influence on the
curing and cytotoxic behavior:2*%* Moreover, the network
properties of the cured monomers strongly depend on the
type and flexibility of the spacer. For example, monomers
containing rigid structures such as bisphenol A moieties,
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which are known to offer high moduli and high T's, lead to
comparably low curing rates and double bond conversions.??

Taking those facts into account, in the present article, the
curing and cytotoxic behavior of propargyl and but-1-yne-4-
yl monomers containing butyl (C4) spacers, that is, butane-
diol dipropargyl ether {BuPE) and butanediol di-1-butinyl
ether {BuBE), were investigated and compared with the cor-
responding {meth)acrylate based compounds butanediol
dimethacrylate {(BuMAc) and butanediol diacrylate (BuAc).
The network properties {cross-link density, glass transition
temperature, and storage modulus) of these thiol-yne poly-
mers were studied by solid state nuclear magnetic resonance
(NMR) and dynamic mechanical analysis {DMA) measure-
ments. Additionally, a second class of alkynyl ether based
monomers bearing rigid spacers was investigated consider-
ing reactivity and network properties after UV polymeriza-
tion. This study reveals the versatility of those monomers for
the individual and patient customized fabrication of medical
devices by UV-based additive manufacturing methods.

EXPERIMENTAL

NMR Studies

'H-NMR and **C-NMR spectra were recorded on a Varian
400-NMR spectrometer operating at 399.66 and 100.5 MHz,
respectively, and were reference to Si{CHg).. For the acquisi-
tion of the "H-NMR spectra a relaxation delay of 10 s and a
45° pulse were used. The NMR spectra were referenced to
solvent residual peaks according to values given in the
literature.??

'H-NMR spectra for real-time experiments were recorded on
a Varian INOVA 500 MHz spectrometer operating at 499.803
MHz and were referenced to Si{CHs),. A relaxation delay of
1 s and 45° pulse were used for acquisition of the 'H-NMR
spectra. The measurements were performed at 37 °C.

Low field NMR measurements were recorded on a Bruker
minispec mq20 NF series spectrometer equipped with a 0.47
T magnet (*H resonance frequency of 20 MHz) and a ratio
probe. The 90°% 180 pulse lengths and the receiver dead
time were 2.8, 5.7, and 9 ps, respectively. The sample was
cut into stripes, which were vertically stacked into the sam-
ple tube to fill a cylindrical volume of 8 mm diameter and
8 mm height. Measurements were carried out at 100 °C after
an equilibration time of about 45 min. The sample was heat-
ed by dry air and the temperature regulated with a BVT3000
variable temperature controller.

DQ NMR measurements were carried out with the so-called
5-pulse segmem:24 and the modified Baum-pines sequence.
Further details of the measurement principle are given in
the Supporting Information and were reviewed elsewhere.?®

Real-Time FT-IR Measurements

Kinetic real-time FT-IR measurements were conducted on a
VERTEX 70 (Bruker Billerica) in reflection mode with the
unit A513. About 1 pL of the resin of investigation was
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placed in between two CaF; windows {8 mm diameter,
1 mm thickness) and illuminated with an Omnicure s1000
(Lumen Dynamics, Mississauga) with 9 cm gap between the
sample and light guide (P =22 mW/cm? at the sample sur-
face). For real-time FT-IR measurements the corresponding
monomers were mixed with 5 wt % of the photoinitiator
blend, diphenyl{2,4,6-trimethylbenzoyl)phosphine oxide/2-
hydroxy-2-methylpropiophenone and a  stoichiometric
amount of trimethylolpropane tris{3-mercaptopropionate)
(TMPMP). The corresponding {meth)acrylates were prepared
without any thiol component. For thermal post-curing the
sample was placed on a 100 °C heated plate and illuminated
stepwise with the same intensity as described above.

Photo-DSC

The photo-DSC experiments were performed on a NETZSCH
photo-DSC 204 F1 Phoenix. All measurements were con-
ducted at 50 °C in aluminum crucibles under nitrogen atmo-
sphere. Sample quantity was 8 mg of resin, which was
prepared in the same way as being described for real-time
FT-IR measurements [5 wt % of the photoinitiator blend,
diphenyl{2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-
2-methylpropiophenone and a stoichiometric amount of
TMPMP]. The Omnicure s2000 was used as the light source
at 1 W/cm? resulting in an intensity of 80 mW/em? at the
surface of the sample {range of wavelength was 250-
445 nm). For the determination of the reaction enthalpy and
tmaw the samples were illuminated twice for 10 min each
with an idle time of Z min in between. For the analysis, the
second run was subtracted from the first one to obtain the
reaction enthalpy curve.

Sample Preparation

For the determination of the thermomechanical properties of
derived photopolymers sample specimens with 2 X 5 X
20 mm rectangular dimensions, respectively, were fabricated
in PTEE molds. The resin samples were photocured by a
Lighthammer 6 (Fusion UV Systems) with a Hg bulb (4
passes each side, belt speed of 4 m/min, 40% light intensity,
E=4.7 ]/cm?). The resin contained the corresponding alkyne
with a stoichiometric amount of silanetetrayltetrakis{pro-
pane-1-thiol) and 3 wt % of the photoinitiator Irgacure®
TPO-L. The T; was determined at the maximum of tan delta.

Dynamic Mechanical Thermal Analysis (DMA)

The thermomechanical properties were measured in tension
mode using a DMA/SDTA 861 {Mettler Toledo) with a heat-
ing rate of 2 K/min in the temperature range from —40 °C
to 115 °C. The operating frequency was determined at 1 Hz.
For comparison of the alkyne ether formulations, the storage
modulus was evaluated at room temperature (37 °C) and the
glass transition temperature was determined at the maxi-
mum of tan delta.

Viscosity Measurements

The viscosities of the monomers were determined using an
Anton Paar rheometer {(MCR-102, Graz, Austria] in a cone-
plate system setup with titanium cone (MK 22/60 mm,
0.58") with an opening angle of 0.58” and a diameter of
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60 mm at a shear rate of 300 s~ % The viscosity was mea-
sured at 25 °C.

Cytotoxicity

The cytotoxicity experiments were conducted at Cytox biolo-
gische Sicherheitspriiffungen (Bayreuth, Germany) according
to IS0 10993-5:2009. For these tests mouse fibroblast cells
(L929) were used. Cells were cultured for 24 h in Dulbecco’s
modified Eagle's medium (DMEM) with added antibiotics,
supplemented with 10% fetal calf serum at 37 °C in an incu-
bator with 5% CO,. Four different concentrations of the
examined substance {dissolved in DMSQ) were applied onto
the cells and incubated for 48 h at 37 °C with 5% CO,. The
final concentration of DMSO in all cavities in the cell culture
medium was 1% (v/v). Triton X 100 was used as toxic posi-
tive control [final concentration 1% (v/v)] and the cell cul-
ture medium was used as non-toxic negative control. All
experiments were conducted four times simultaneously. After
the incubation the L929-cells were washed with phosphate
buffered saline {PBS), and after an alkaline lysis step the
protein concentration was determined via the Bradford
method. Graphical illustrations of the protein content in
dependence of the monomer concentration can be found in
the Supporting Information.

Materials

2-Hydroxyethyl acrylate (Sigma  Aldrich, 96%), 2-
hydroxyethyl methacrylate (Sigma Aldrich, 99%), ethanol-
amine hydrochloride {Sigma Aldrich, 99%), 2-{2-methoxye-
thoxy)ethanethiol {97%), 1,4-dibromobutane (Sigma Aldrich,
99%), 2-propyn-1-ol {Sigma Aldrich, 99%), 3-butyn-1-ol {Sig-
ma Aldrich, 97%), sodium hydride {Sigma Aldrich, 60% dis-
persion), tetrabutylammonium iodide {Sigma Aldrich, 98%),
bisphenol A (Sigma Aldrich, 99%), ethylene carbonate (Sig-
ma Aldrich, 99%), 3-bromo-1-propyne (Sigma Aldrich, 80 wt
% in toluene), tetrachlorosilane (Sigma Aldrich, 99%), mag-
nesium (Sigma Aldrich, 99.9%), 3-chloro-1-propene (Sigma
Aldrich, 99%), 2,2%-azobis(2-methylpropionnitrile) (Fluka),
thioacetic acid (Sigma Aldrich, 96%), ethyl{24,6-trimethyl-
benzoyl)phenylphosphinate  (Irgacure®  TPO-L, BASF),
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-
2-methylpropiophenone, blend (Sigma Aldrich), pentaerythri-
tol tetra(3-mercaptopropionate) (PETMP) (Sigma Aldrich,
99%), and trimethylolpropane tri{3-mercaptopropionate)
{TMPMP) (Bruno Bock Chemische Fabrik GmbH & Co. KG)
were used as received. 1,4-Butanediol diacrylate (aber
GmbH) and 1,4-butanediol dimethacrylate {abcr GmbH,
90%) have been purified by flash chromatography prior
usage. Tetra{3-mercaptopropyl)silane (TMPS) was synthe-
sized according to literature.”®

Synthesis

1,4-Butanediol dipropargyl Ether (BuPE)

In a three-neck round-bottom flask 2.4 g (100.0 mmol, 2.7
eq) sodium hydride was washed two times with n-hexane
and afterward suspended in 50 mL DMFE The mixture was
purged with nitrogen and cooled down to —10 °C in an etha-
nol cooling bath. About 5.4 g {96.3 mmol, 2.6 eq) 2-propyn-
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1-ol in 50 mL DMF was added dropwise over 30 min. The
mixture was stirred for 2 h. Eight grams of {37.1 mmol) 1,4-
dibromobutane in 50 mL DMF was added dropwise over a
time span of 30 min. The reaction mixture was kept at 0 °C
for further 3 h and quenched afterward with a saturated
ammonium chloride solution. Afterward the mixture was
extracted three times with diethyl ether and dried over
Na,504. The combined organic extracts were concentrated
under reduced pressure at elevated temperature to remove
the excess of 2-propyn-1-ol and residual DMF. The crude
product was further purified by flash column chromatogra-
phy {ethyl acetate:cyclohexane 1:10) leading to 5.3 g (vield:
86%) of BUPE as a transparent and colorless liquid.

'H-NMR (8, 400 MHz, 25 °C, CDCly): 4.11 (d, 4H, CH,—C=C);
3,52 (m, 4H, CH,—0); 2.52 (t, 2H, C=CH); 1.66 (m, 4H,
CH;—CH,—0) ppm.

13C-NMR: (8, 100 MHz, 25 °C, CDCl): 79.92 (s, 2C, —C=C);
74.01 (s, 2C, —C=C); 69.68 (s, 2C, C—0); 57.93 (s, 2C,
C—C=C); 26.08 (s, 2C, C—C—0) ppm.

1,4-Butanediol dibut-3-yn-1-yl Ether (BuBE)

In a 500 mL three-neck round-bottom flask 3.00 g (125
mmol, 2.5 eq.) sodium hydride was washed two times with
n-hexane and afterward suspended in 150 mL DMF. The mix-
ture was purged with nitrogen and cooled down to —10 °C
in an ethanol cooling bath. About 21.20 g 3-butyn-1-ol (300
mmol, 6 eq.) in 50 mL DMF was added dropwise over 30
min. The mixture was stirred for 2.5 h while the temperature
was kept around 0 °C. About 1.30 g tetrabutylammonium
iodide (3.5 mmol; 0.07 eq.) was added to the mixture before
a solution of 10.80 g 1,4-dibromcbutane (50 mmel) in
40 ml DMF was added dropwise over a time span of 30
min. The reaction mixture was kept at 0 °C for 4 h and
quenched with a saturated solution ammonium chloride.
Afterward the mixture was extracted three times with
diethyl ether and dried over Na,SO,. The combined organic
extracts were concentrated under reduced pressure at ele-
vated temperature to remove the excess of 3-butyn-1-ol and
residual DME The crude product was further purified by
flash column chromatography {ethyl acetate:cyclohexane
1:20 — 1:10) leading to 3.3 g (vield: 34%) of BuBE as a
transparent and colorless liquid.

'H-NMR (8, 400 MHz, 25 °C, CDCls): 3.55-3.48 (m, 8H,
CH,—0—CH,); 2.45 (t, 4H, CH,—C=C); 1.97 {t, 2H, (=C—H);
1.65 {m, 4H, 0—CH,—CH3) ppm.

13C-NMR: (4, 100 MHz, 25 °C, CDCLs): 81.4 (s, 26, —C=C); 70.7
(s, 2C, 0—C); 69.2 (s, 2C, —C=C); 68.7 (s, 2C, C—C—C=C);
26.2 (s, 2C, (—C—C—C); 19.8(s, 2C, C—C=C) ppm.

2,2-Bis{4-(2-hydroxy}ethoxyphenylfpropane (BisAE)}

The product was synthesized according to a modified litera-
ture procedure”” In a three-neck round-bottom flask
equipped with a reflux condenser 20 g (687.6 mmol) bisphe-
nol A and 17.7 g (201.5 mmol, 2.3 eq.) ethylene carbonate
were added to 24.2 g {175 mmol, 2 eq.) K,CO05 in 300 mL
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DMF and refluxed at 145 °C for 3 h. The reaction mixture
was then poured into 1.5 L deionized water. The resulting
white precipitate was filtered and washed with water, with
methanol and afterward with a small amount of cold THE
The remaining white powder was dried under vacuum at 70
°C to yield 18.0 g (65%) of BisAE.

Y-NMR (5, 400 MHz, 25 °C, CDCly): 7.15-7.13 (4, 4H,
Ar—H); 6.83-6.81 (d, 4H, Ar—H); 4.07 {t, 4H, —CH,—0—);
3.95 (m, 4H, —CH,—OH); 1.64(s, 6H, —CH3) ppm.

3C-NMR: (8, 100 MHz, 25 °C, CDCls):156.42 {2C, Ar—C—0),
14357 (2€, Ar—C), 127.78 (4C, Ar—C), 113.92 (4C, Ar—C),
69.09 (2C, 0—C), 61.53 (2C, C—OH), 41.72 (1C, C—CHa),
31.02 (2C, CHy); ppm

2,2-Bis[4-(2-(prop-2-yn-1-yloxy)ethoxyphenyljpropane
(BisAEPE)

In a 250 mL three-neck round-bottom flask 0.9 g (37.9
mmol, 2.4 eq.) sodium hydride was washed with n-hexane
and afterward suspended in 30 mL DMF. The mixture was
purged with nitrogen and cooled down to —10 °C in an etha-
nol cooling bath. Five grams {15.8 mmol) of BisAE were dis-
solved in 30 mL DMF and added dropwise over 30 min. The
mixture was stirred for 1 h while the temperature was kept
around 0 °C. A solution of 4.7 g {39.5 mmel, 2.5 eq.) 3-
bromo-1-propyne in 30 mL DMF was added dropwise over a
time span of 30 min. The reaction mixture was stirred for
2 h while the mixture was allowed to reach room tempera-
ture. It was then quenched with a saturated solution of
ammonium chloride, extracted with diethyl ether and dried
over Na,SO,. The combined organic extracts were concen-
trated under reduced pressure to receive the crude product,
which was further purified by flash column chromatography
(ethyl acetate:cyclohexane 1:3) to yield 54 g (87%) of
BisAEPE as a transparent, yellowish liquid.

IH-NMR {5, 400 MHz, 25 °C, €DCly): 7.13-7.11 (d, 4H,
Ar—H); 6.83-6.81 (d, 4H, Ar—H); 4.27 (d, 4H, CH,—(C=C);
4.13 (t, 4H, CH;—0—Ar); 3.89(t, 4H, CH,—0); 2.45 (t 2H,
C=C—H); 1.63 (s, 6H, CH3) ppm.

BC.NMR: {6, 100 MHz, 25 °C, CDCly): 15647 (s, 2C,
Ar—C—0); 14341 (s, 2C, Ar—C); 12769 (s, 4C, Ar—C);
113.94 (s, 4C, Ar—C); 79.49 (s, 2C, —C=C); 74.69 (s, 2C,
—C=C); 68.26 (s, 2C, 0—C); 67.11 (s, 2C, Ar—0—C); 58.53
(s, 2C, C—C=C); 41.68 (s, 1€, €q.); 31.03 (s, 2C, CHs) ppm.

2,2-Bis{4-(prop-2-yn-1-Yloxy}phenylfpropane (BisAPE}}

In a 250 mL three-neck round-bottom flask 1.3 g (52.6
mmol, 2.4 eq.) sodium hydride was washed with n-hexane
and afterward suspended in 50 mL DMF. The mixture was
purged with nitrogen and cooled down to —10 °C in an etha-
nol cooling bath. Five grams {21.9 mmol) of bisphenol A was
dissolved in 50 mL DMF and added dropwise over 30 min.
The mixture was stirred for 1 h while the temperature was
kept around 0 °C. A solution of 6.8 g (57.2 mmol, 2.6 eq.) 3-
bromo-1-propyne in 30 mL DMF was added dropwise over a
time span of 30 min. The reaction mixture was stirred for
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SCHEME 1 Water soluble model compounds [HEA, 2-

hydroxyethyl acrylate; HEMA, 2-hydroxymethyl acrylate; BuCH,
3-butyne-1-ol; ETAHC, ethanolamine hydrochloride; MTE, 2-(2-
methoxyethoxyethanethiol] used for the evaluation of the
reactivity of unsaturated functional groups.

2 h while the mixture was allowed to reach room tempera-
ture. It was then quenched with a saturated solution of
ammonium chloride, extracted with diethyl ether and dried
over Na,S0, The combined organic extracts were concen-
trated under reduced pressure to receive the crude product,
which was further purified by flash column chromatography
(ethyl acetate:cyclohexane 1:5) to yleld 6.1 g (92%) of
BisAPE as a transparent and yellow liquid.

IH NMR (6, 400 MHz, 25 °C, CDCL): 7.17-7.15 (d, 4H,
Ar—H); 6.89-6.87 (d, 4H, Ar—H); 4.67 {d, 4H, C=C—H); 2.52
(t, 2H, C=C—H); 1.64 (s, 6H, CH3) ppm.

3¢ NMR: (5, 100 MHz, 25 °C, CDCl,): 155.4 (s, 2C, Ar—C);
1439 (s, 2C, Ar—C); 1277 (s, 4C, Ar—C), 1142 (s, 4C,
Ar—C); 78.8 (s, 2C, —C=(); 75.35 (s, 2C, —C=C); 55.8 (s, 2C,
0—C); 41.8 {s, 1C, Cq.); 30.9 (s, 2C, CHz) ppm.

RESULTS AND DISCUSSION

Reactivity of Monomer Model Compounds Under
Physielogical Conditions

The cytotoxicity of state-of-the-art building blocks can be
attributed to their reactivity toward amino- or thiol-groups
of proteins or DNA® In general, the electron density of
unsaturated compounds, that is, the Michael acceptor, strong-
ly determines the reactivity with (hetero]) Michael
donors.®®*? Both facts can explain the lower cytotoxicity of
methacrylates compared with their acrylate counterparts
due to the higher electron density induced by the additional
methyl group. Moreover, it is well reported that terminal
alkyne groups, without electron withdrawing moieties in
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their neighborhood, are mostly inert in the thiol Michael
reaction even under basic conditions.>

The reactivity of radically polymerizable moieties toward
amino and mercapto groups under physiological conditions
was studied by 'H-NMR spectroscopy using D0 soluble
model compounds {as shown in Scheme 1). Taking into
Account the pH-Value (pH ~ 7.4) and the puffer capacity of
blood, as well as the comparably high pK, value of primary
amines, it can be assumed that the majority of protein or
DNA related amino groups exist in their protonated state.
Considering this fact and the lower nucleophilicity of proton-
ated amines, ethanolamine hydrochloride was chosen as
model compound in the following experiments. For the
exclusion of radical mediated reactions {e.g. thiol-ene) 0.1
wt % of pyrogallol was added as radical scavenger in all
samples. Figure 1 shows the double bond conversion (DBC)
of the (meth)acrylate model compounds during storage
determined by kinetic NMR measurements at body tempera-
ture (37 °C). As expected, the acrylate, that is, HEA, shows
the highest reactivity toward both nucleophiles. While the
reaction with the mercapto group proceeds guantitatively
within several minutes, a conversion of 30% was reached
with ETAHC after 30 h.

Detailed NMR spectra confirmed the formation of the thiol
Michael adduct, whereas the reaction with ETAHC lead to
several by-products. Presumably, the formed secondary
amine undergeoes a subsequent Michael addition; further-
more, hydrolytic cleavage reactions of present ester groups
are conceivable.

In contrast, HEMA shows a significant lower reactivity in
both cases. Although it also provides full conversion in the
reaction with MTE after 19 h, no formation of the aza
Michael adduct could be observed, which can be assigned to
the higher electron density of the C—C double bond {vide

100 Py
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FIGURE 1 Double bond conversion (DBC) of HEA/MTE
(squares), HEMA/MTE (triangle}, and HEA/ETAHC (circles)

under simulated physiological conditions. [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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SCHEME 2 Structures of the investigated monomers.

supra). Importantly, under these conditions, the terminal
alkyne group undergoes no reaction with any of the two
Michael donors, neither with mercapto, nor with amino
hydrochloride groups.

Synthesis of Alkynyl Ether Monomers

An overview of the synthesized alkynyl ether based
monomers is given in Scheme 2. A straightforward proce-
dure for the preparation of those bifunctional ether deriv-
atives, that 1is, BuPE, BuBE, BisAPE, and BisAEPE,
represents the well described Williamson etherification
reaction using hydroxyl- and bromo-functionalized start-
ing compounds. For the synthesis of BisAEPE, the inter-
mediate 2,2-bis[4-{2-hydroxy)ethoxyphenyl]propane was
obtained by a reaction of bisphenol A with ethylene car-
bonate as described elsewhere.'” In a first step, the
hydroxyl terminated bifunctional spacers were converted
with sodium hydride to the corresponding sodium alkoxy-
lates, which were subsequently reacted with propargyl
bromide to give BuPE, BisAPE, and BisAEPE in appropri-
ate yields of 86%, 92%, and 87%. This reaction strategy,
however, failed for the synthesis of the but-1-yne-4-yl
ether derivatives leading to an isomerization of the triple
bond and the formation of internal Z-ynes. Alternatively,
but-1-yne-4-nyl ether monomers could be synthesized by
the reaction of the sodium 3-butyne-1-olate with bromi-
nated bifunctional compounds as reported previously.**
BuBE was obtained in moderate yields of 34% after puri-
fication by column chromatography. The synthesized
monomers were characterized by 'H- and *C-NMR spec-
troscopy. The obtained data are in good agreement with
the proposed structures.
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Monomers with €4 Spacer

Besides the type of unsaturated polymerizable moiety and
its reactivity toward the thicl and aza Michael reaction, also
the group of photoreactive building blocks exerts significant
influence on the cytotoxic behavior, which is a key require-
ment for UV curable resins for biomedical applications. For
that reason the cytotoxic potential of the synthesized alkyne
ether monomers with aliphatic C4 spacer, that is, BuPE and
BuBE, was determined by in-vitro tests using mouse fibro-
blast cells {1,929, ISO 10993-5:2009) and compared with the
cytotoxicity of BuAc and BuMAc. Consequently, L929 cells
were incubated in a defined media with increasing concen-
trations of the monomers for 48 h at 37 °C. The concentra-
tion at which the half of the cells remained alive compared
with the negative control {(cell culture medium, see Support-
ing Information) was assessed as cell viability (EC50). The
{methjacrylate based compounds {BuAc and BuMAc) exhibit
a significant higher cytotoxicity than the alkynyl ethers BuPE
and BuBE by at least a factor of 12 (as shown in Table 1).
This finding is in good accordance with the observed inertia
of terminal alkyne groups toward the thiol and aza Michael
reaction. Thus, it could be demonstrated that alkynyl ether
derivatives are a potential alternative to common (meth)ac-
rylate based monomer systems.

Further important key factors for the fabrication of medical
devices by photolithographic AMT techniques, are the rate
and yield of photopolymerization, as both determine the
amount of leachable monomers in the build device. Besides
health considerations, residual monomers can also reduce
the network properties, that is, mechanical properties and
glass transition temperature, of the cured materials. The cur-
ing behavior of resins based on propargyl and but-1-yne-4-yl
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TABLE 1 Cell Viability of Investigated Monomers From Cyto-
toxicity Tests

Viability
Monomer (ECBOYMM
BuMAc <0.16
BuAc <0.16
BuPE 3
BuBE 2

monomers containing butyl {C4) spacers and the commer-
cially available multifunctional thiol TMPMP were investigat-
ed by means of photo-DSC and FT-IR spectroscopy and
compared with the corresponding {meth)acrylate based com-
pounds BuMAc and BuAc. One important parameter, which
can be obtained by photo-DSC, is the time to reach the maxi-
mum of polymerization enthalpy (ty..) revealing information
about the curing speed of the investigated system. Alterna-
tively, real-time FT-IR spectroscopy provides detailed infor-
mation on changes in the molecular structure of the
monomers during the curing reaction, enabling the precise
monitoring of the conversion of polymerizable groups with
increasing illamination time.

Although, it has been reported that propargyl ether deriva-
tives offer moderate rates of polymerization compared with
aliphatic terminal alkynes and propargyl esters,”® BuPE can
easily compete with the methacrylate based monomer
BuMAc which is reflected by the significant lower ty.. as
depicted in Table 2. Interestingly, the but-1-yne-4-yl ether
derivative BuBE outperforms BuPE and BuMAc considerably
and reacts only slightly slower than the structurally related
aliphatic acrylate BuAc. The superiority of the but-1-yne-4-yl
ether derivative might be explained by the additional CH,
group between the alkyne and ether group reducing the
influence of the ether moiety {+I-effect) on the electronic
density of the yne triple bond. This hypothesis is supported
by the outstanding reactivity of aliphatic terminal alkynes,
which react significantly faster than propargyl ethers in the
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thiol-yne reaction. However, a general prediction of reactiv-
ities hased on the electronic density of polymerizable groups,
as possible for the thiol-ene reaction, is problematic in case
of the thiol-yne polymerization, which was shown by Fair-
banks et al. at the example of propargyl acetate, methyl
propargyl amine and ethyl propiolate.?®

Figure 2 {above) shows the thiol and alkyne conversions for
2:1 stoichiometric reactions of BuPE/TMPMP and BuBE/
TMPMP determined by real-time FT-IR spectroscopy, con-
firming the findings in the photo-DSC measurements and
underlining the superiority of the but-1-yne-4-yl derivative
in terms of reaction rate. It has to be mentioned that each
alkyne and thicl monomer is consumed simultaneously and
at the same extend, indicating the absence of side reactions
such as the homopolymerization of vinylsulfide intermedi-
ates or the formation of stable vinylsulfide compounds.
Importantly, both alkyne based systems provide a significant
higher conversion of polymerizable groups than the curing
of the corresponding {meth)acrylates as revealed in Figure 2
{below). While the photopolymerization of BuAc and BuMAc
lead to a double bond conversion of 79% and 74% after 2
min of illumination {P=22 mW/cm?), respectively, an
almost quantitative consumption of alkyne and thiol groups
were obtained for resins of BuPE/TMPMP (94%) and BuBE/
TMPMP (99%).

One limitation of thiol based photopolymers can mainly be
attributed to specific characteristics of the used multifunc-
tional thiols. The predominantly applied and studied thiols
are esters of mercapto propionates and thio glycolates,
which can be explained by their facile synthesis from readily
available precursors. However, the polarity of the ester
group and its affinity to water favors water absorption
which decreases the mechanical performance by lowering
the modulus, glass transition temperature and strength, all
factors that are detrimental for medical applications such
as implants. One strategy, to overcome this limitation is to
use ester-free silane based mercaptanes providing an
appropriate  curing behavior and good mechanical

TABLE 2 Summary of Materials Properties for Alkyne Monomers and Their Photocured Alkyne/Thiol Networks Including Reference

Samples (BuAc and BuMAGc)

Viscosity (25 °C¥/

Monomer mPa¥*s tmax/S %

BuVE - 1.0° =

BuMAc 47 6.7 74

BuAc 4.4 1.8 79

BuPE 4.7 5.2° 94°

BuBE 6.2 2.3° 99°
BisAEPE 949 6.2° 65" (98)Pe
BisAPE 596 8.1 62° (92)P<

? Corresponds to a formulation with a stoichiometric amount of
TMPMP.
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Conversion (2 min)/

T4°C E at 37 °C/MPa FWHM/C
—35+0Q° 17+1P 10 + b
50+ 38 1,650 + 20 -
80+6 1,420 + 30 =
34 +1b 255 +30P 4z + b
36 +0° 230 + 5° 34 +1°
58 = b 1,200 = 75b< 20 + Qb
10010 1,860 = 10°° 59 + gbC

® Corresponds to a formulation with a stoichiometric amount of TMPS,
® Measured after post-curing at 100 °C.
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FIGURE 2 Real-time FT-IR measurements: Conversion of alkyne
and thiol moieties [above: BUBE (open triangle)/TMPMP (dia-
mond), BUPE (open square}/TMPMP (circle)], and the (meth)ac-
rylate groups [below: BuAc (square) and BuMAc (triangle)].
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

properties in the cured state even after water storage as
recently demonstrated.”®*? Consequently, formulations con-
taining the multifunctional thiol tetra(3-mercaptopropyl)si-
lane (TMPS) instead of TMPMP were used for the
characterization of the network properties. The synthesis of
TMPS has previously been described in a patent dealing
with novel biocompatible thiol-ene based materials for aug-
mentation of hard tissues3® As shown recently, this thiol
compound offers a comparable reactivity as mercapto pro-
pionic acid derivatives.?®

It has to be mentioned that similar high conversions have
been reported for thiol-ene polymerization reactions of vinyl-
ethers, which are also known to provide good biocompatibil-
ity due to their electron rich double bond.** However, the
comparably low cross- link densities of such thiol-ene net-
works lead to mechanical properties which are inferior com-
pared with thiol-yne polymers.’” Besides the mechanical

s
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properties, the cross-link density, together with the structure
of the polymer backbone, determines the glass transition
temperature of the network, which has to be above body
temperature for polymers intended for hard tissue engineer-
ing. There are only a few methods reported, which allow for
the investigation of the network density of photopolymers.
For several reasons some of them, for example, equilibrium
swelling, can only be applied to slightly cross-linked poly-
mers.** % For very homogeneous networks, the cross-link
density correlates with the glass transition temperature and
the storage modulus in the rubbery state.””

An alternative method to study network characteristics is
the DQ build-up NMR method®**? which gives quantitative
access to network density as well as the fraction of non-
network chains (in this case unreacted monomers, photoini-
tator or its cleavage products which are not incorporated in
the polymeric network). In simple terms, the residual dipo-
lar couplings {Dyes) measured through this method are influ-
enced by the orientational anisotropy of the chains which is
in turn directly proportional to the cross-link density, that
is, the molecular weight between the network points, and
chain stiffness. The ability of this method to exclusively
access Dy, allows a quantitative description of the network,
assuming a physically appropriate model is used for
analysis.

In this study, DQ NMR has been used to investigate and to
compare the cross-link density of a vinyl ether based thiol-
ene network with the highly cross-linked alkynyl ether net-
works. Consequently, butanediol divinylether {BuVE), BuPE,
and BuBE (in combination with TMPS) were used as model
compounds as these monomers provide a C4 backbone lead-
ing to a similar stiffness.

Considering that {a) the network chain length is near-
homogenous and (b) any heterogeneity appears only due to
the spin-system heterogeneity and/or the different mobility
of the two component chains between network points, an
analytical model assuming Gaussian distribution of residual
dipolar couplings with an average value D, and its standard
deviation ¢, accounting for the aforementioned heterogene-
ity was used (see eq. 1).

Analytical fitting equation assuming Gaussian distribution

%Dfe;‘ffm

+E0ry TDQ)

2l

exp (*1—4—
)=0.5¢ 1— —————-

4
1+z0

(1)

[nDQ(TDQ: Dres, Gres 7]
2
resIDQ

The D, values (which relates to the cross-link density) and
the fraction of non-network chains determined for samples
BuBE/TMPS and BuPE/TMPS are given in Table 3. For com-
parison, measurements were also carried out on BuvVE/TMPS
and for consistency analyzed with the same model. It should
be noted for the latter sample, however, that with o, = D o
(in other words a too high standard deviation), the limits of
applicability of this fit becomes unrealistic. Therefore, the
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TABLE 3 Analysis of the Normalized DQ Curves Obtained for
the Different Samples at 100 °C

Dioof2n  Gesf2n % Non-Network
Sample [kHz] [kHz] Chains
BuBE/TMPS 9.0 1.4 4.3
BuPE/TMPS 8.4 2.0 4.6
BuVE/TMPS 1.4 1.3 25

{Gaussian distribution)

curve was also analyzed with a simple two-component
Gaussian fit (see Supporting Information eq. $2).

The analysis (see Table 3) shows an increase in cross-link
density by about the factor of six for samples BuBE/TMPS
and BuPE/TMPS compared with sample BuVE/TMPS which
is in good accordance with the findings of Bowman and co-
workers for networks formed of bifunctional ynes and tetra-
functional thiols.'” The fraction of non-network chains corre-
sponds to the expected amount of unbound species
{monomer, photoinitiator, cleavage products). Further details
of the analysis and interpretation of the data for sample
BuvE/TMPS are given in Supporting Information.

Moreover, the thermo-mechanical properties, that is, the
glass transition temperature and the storage modulus in the
rubbery state, of the thiol-yne networks are significantly
higher than the BuVE network (shown in Fig. 3), which can
be directly attributed to the higher cross-link density. The
alkynyl ether/TMPS based polymers exhibit significant lower
network properties than the corresponding {meth)acrylates
BuAc and BuMAc (Table 2 and Fig. 3). While BuAc provides
a T, (~80 °C) well above the body temperature together
with an appropriate storage modulus (E' = 1420 MPa), the
glass transition temperature of BuPE/TMPS (34 °C) and
BuBE/TMPS (36 °C) is only in the range of body temperature
explaining the comparably low moduli {(BuBE: £’ =230 MPa;
BuPE: E' = 260 MPa) at 37 °C. This fact can be attributed to
the rather flexible (thio)ether linkage of the thiol-yne poly-
mers.* Interestingly, there is only a slight difference, in the
thermo-mechanical properties of BuBE and BuPE, despite
two additional carbon atoms per molecule.

The full width at half-maxima {(FWHM) of tan delta of the
BuBE/TMPS and the BuPE/TMPS networks are approximate-
ly three times higher than the one of the BUVE/TMPS net-
work. However, this transition is still narrow compared with
chain growth networks, such as BuAc {see Fig. 3). However,
materials that offer glass transition temperatures in the
range or even below body temperature are not suitable for
hard tissue engineering.

Menomers Containing Rigid Spacers

One possibility to increase the network properties of photo-
polymers is to introduce rigid spacers such as biphenyl, iso-
Cyanurate,12 bisphenol AT bisphenol S,*? etc, in the used
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building blocks. This concept is commonly applied for high
performance resins such as dental restoratives or automaotive
and aerospace resins; for example, 2,2-bis-[4-(2-hydroxy-3-
methacryloyloxypropoxy)phenyl]-propane) (Bis-GMA), is a
widely applied monomer in dental practice. Although the
stiff molecular structure of Bis-GMA is responsible for the
excellent mechanical properties and low polymerization
shrinkage, it also leads to an extremely high viscosity and to
a comparably low degree of conversion.”

However, in these systems the gel point is reached very
quickly, which significantly reduces the mobility of the
unreacted functional monomers. An additional decrease in
mobility can be observed when the T, exceeds the polymeri-
zation reaction temperature. Both effects limit the final con-
version of high viscous monomers containing rigid spacer.”

In principle, a similar behavior can also be observed for
BisSAPE/TMPS and BisAEPE/TMPS formulations as shown in
Figure 4. While these bisphenol A based monomers exhibit
curing rates in the range of BuPE, which seems to be typical

1 BUVE/TMPS
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FIGURE 3 Storage modulus and tan delta versus temperature
for the stoichiometrically balanced polymerization of BuVE/
TMPS (above), as well as BuAc (below: dashed), BuBE (below:
dotted), and BUPE/TMPS (below: solid). [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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FIGURE 4 Conversion of the alkyne monomers [BisAEPE

(square), BisAPE (triangle)] in alkyne/TMPS formulations versus
illumination time. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

for propargyl ethers, the degree of conversion is comparably
low for BisAPE/TMPS (62%) and BisAEPE/TMPS (65%).

However, it can be shown that a post curing of BisAPE and
BisAEPE based resins above the T (in this case 100 °C were
chosen) significantly increases the degree of conversion of
both systems toward 92% (BisAPE) and 98% (BisAEPE),
respectively, as demonstrated in Figure 4. This behavior is
fully compatible with photolithographic AMT techniques, in
which post curing of the printed structures is commonly per-
formed, enabling the fabrication of biomedical devices with a
low content of leachable monomeric residues.

As expected the networks formed of monomers with rigid
spacers provide a significantly higher T; as the correspond-
ing C4 based polymers resulting in Tg's which are well above
the body temperature as depicted in Figure 5.

In particular, bisphenol A based monomers {with TMPS as
thiol component) offer decent storage moduli {comparable to
those of the C4 (meth)acrylic monomers) making these
materials interesting for biocompatible AMT resins. Addition-
ally, the comparably low FWHM of tan delta of BisAEPE/
TMPS has to be highlighted, indicating a very homogeneous
network and also providing almost constant mechanical
properties over a long range up to 40 °C {(=onset tempera-
ture of the glass transition; compare Fig. 5).

Another limiting factor of thiol based formulations is their
poor shelf-life stability preventing a broad application in the
UV curing and coating industry so far'® While formulations
of BUuVE/TMPMP ({containing 0.5 wt % of pyrogallol and 2
wt % decylphosphonic acid as stabilizer) showed gelation
after 4 h at 50 °C storage temperature, the corresponding
thiol-yne resin, that is, BuBE/TMPMP (with the same stabi-
lizer), increased in viscosity by only 22% after 1 week of
storage under equal conditions. Presumably, the inertia of
the alkyne triple bond toward Michael addition reactions
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explains the superiority of the alkynyl ether/TMPMP formu-
lation in this accelerated shelf-life tests, which represents
another important advantage of the presented thiol-yne
system.

CONCLUSIONS

This contribution deals with the development of new bio-
compatible monomers based on the thiol-yne reaction for
the fabrication of medical devices by UV-based additive
manufacturing technologies. It could be successfully shown
that propargyl and but-1-yne-4-yl ether derivatives offer a
significant lower cytotoxicity than the corresponding (meth)-
acrylates with similar backbones. Together with appropriate
thiol monomers, these compounds show reactivities in the
range of acrylates {but-1-yne-4-yl ether) and methacrylates
(propargyl ether), respectively, and almost quantitative triple
bond conversions. Besides the reaction behavior, also the
thermo-mechanical properties as well as the cross-link densi-
ty of photo cured samples of alkynyl ether/thiol networks
were investigated by DMA and solid state NMR and com-
pared with those of BuVE/TMPS formulations. Although the
BuPE/TMPS and BuBE/TMPS networks provide a six times
higher cross-link density and thermo-mechanical properties,
which are far above of the corresponding vinyl ether based
network (BuVE/TMPS), these polymers show glass transition
temperatures which are in the range of the body tempera-
ture. By using monomers that contain rigid bisphenol A
spacers comparably high triple bond conversions after a
post-curing step at elevated temperatures were obtained.
The derived polymers show decent storage moduli and Tj's
which seems to be sufficiently high for the fabrication of
medical devices.

Even though, the cytotoxicity of C4 alkynyl ethers is far lower
than the one of the corresponding {(meth)acrylates, the long
term toxicity of such compounds, in particular of monomers
containing bisphenol A moieties, has to be investigated in
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FIGURE 5 Storage modulus and tan delta versus temperature
for stoichiometrically balanced polymerization of BisAEPE/
TMPS (solid) and BisAPE/TMPS (dashed). [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2016, 54, 3484-3494

51

3493



3494

ARTICLE

further studies. However, the almost quantitative conversion
of the investigated alkynyl ether/thiol resins significantly
reduces the migration of potential harmful compounds to a
level which cannot be reached by {meth)acrylate monomers.

This study reveals the versatility of this class of monomers
paving the way toward the individual and patient specific
fabrication of medical devices by UV-based additive
manufacturing methods.
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Andreas Qesterreicher,? Johannes Wiener,? Meinhart Roth,? Andreas Moser,”
Robert Gmeiner,® Matthias Edler,? Gerald Pinter® and Thomas Griesser*?

This contribution deals with the synthesis and exploration of alkyne carbonate derivatives as biocompati-
ble building blocks in the thiol-yne photopolymerisation reaction with the aim to facilitate the fabrication
of tailor made medical devices by UV based additive manufacturing technologies. It turned out that the
investigated alkyne carbonates offer curing rates similar to comparable acrylates, while providing much
higher conversion and lower menomer cytotoxicity. Curing the synthesized building blocks in combi-
nation with the commercially available thiol pentaerythritol tetra(3-mercaptopropionate) (PETMP) leads to
networks that degrade in agueocus alkaline and acidic media in a surface erosion manner. Additionally,
a selective adjustment of the degradability is feasible by the choice and centent of thicl menomers.
Notably, monomers containing a tricyclo[5,2A1.02'6]decane-4,8-dimethanol backbone provide decent
thermo-mechanical properties and appropriate impact strengths similar to polylactic acid (PLA). Most
importantly, selected thiol-yne formulations were printed successfully with an accuracy of 40 x 40 um,
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Introduction

The production of medical devices by additive manufacturing
technologies (AMT) has become a popular field of research in
the last few years as it allows the fabrication of complex and
individually shaped geometries in short production times
from 3D models that can be directly obtained from the
patients’ X-ray, MRI or CT scans."* There is a vast amount of
applications reaching from dental to surgical devices including
implants, prosthetics and tissue engineering scaffolds which
are 3D printed from different materials like metals, ceramics
and polymers.”* Polymers shaped by fused deposition model-
ling (FDM) have been successful implanted already.”’
However, limitations of this technology are its low feature
resolution, the weak layer adhesion and its restriction in
material selection as only thermoplastic polymers can be
used.®
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which seems to be sufficiently high to prints medical devices in appropriate resolution.

In contrast, AMTs based on the photopolymerisation of
light sensitive resins, e.g. stereolithography (SLA), digital light
processing (DLP) or 3D inkjet printing (3-DP), allow the fast
and very precise production of complex structures with high
surface quality and tuneable mechanical properties.”® State-of-
the-art resins are mainly based on acrylate and methacrylate
building blocks which are well established in the decorative
and protecting coating industry.>® They show fast curing
rates, excellent storage behaviour as well as tuneable mechan-
ical properties.'’ One considerable drawback of this class of
chemical compounds is their low biocompatibility. Although
biocompatible dimethacrylates can be found e.g. in dental
materials,"* many (meth)acrylates show high irritancy levels or
even cytotoxicity in the uncured state."*'* As double bond con-
versions are usually rather low (in the of range between 60 to
90%) unreacted monomers (leachables) can state health risks
when cured resin is in direct contact with the human body.
Another negative aspect is the hydrolytic degradation of the
(meth)acrylate network within the human body resulting in
high molecular (meth)acrylic acid that can lead to a local
decrease of pH and, therefore, tissue necrosis might occur in
the worst case."* 7

Another drawback of radical cured photopolymers is their
insufficient polymer toughness, which explains the brittleness
of 3D manufactured parts. This behaviour can be attributed to
the evolution of shrinkage stress during the fast radical chain
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growth polymerization and to an inhomogeneous polymeric
architecture.”® " Besides an appropriate Young's modulus and
tensile strength, a high toughness in terms of impact resist-
ance is a key requirement for medical devices used for hard
tissue engineering such as bone scaffolds, cranial or sternum
implants.

Recently, the group of Liska ef al reported on alternative
photopolymerizable building blocks based on vinylcarbonates,
vinylesters and vinylcarbamates and demonstrated their bio-
compatibility and also biodegradability by in vitro as well as
in vivo tests.**' Moreover, they successfully showed that the intro-
duction of cyclic structures and urethane groups can enhance
the impact strengths of such networks significantly.”® The
rather low photoreactivities and homopolymerisation rates of
these monomers can be accelerated by the addition of multi-
functional thiols that, however, lowers the network properties,
i.e. modulus and glass transition temperature. This fact can be
attributed to a decrease of the crosslink density and also to the
flexibility of the formed thioether bonds.>”** Additionally,
economic aspects might hinder this group of building blocks
to enter the market, as the synthesis of vinylearbonates, vinyl-
esters and vinylcarbamates requires expensive reagents and
multi-step synthesis routes.**

One possibility to generate highly crosslinked thioether
based networks is to use multifunctional alkynes instead of
vinyl monomers. This so called thiol-yne reaction leads to
homogeneous networks that offer the well reported advan-
tageous aspects of thiol chemistty such as low oxygen inhibition
and low shrinkage.*™* Moreover, thiols exhibit a comparably
low cytotoxic behaviour as recently demonstrated by Mautner
et al® The concept of thiol-yne polymerization was first
described in the 1930 and has undergone a resurgence of inter-
est in the field of photopolymerisation during the last few
vears.”>*” Particularly, the highly crosslinked and uniform net-
works formed in this polymerization reaction provide unique
thermo-mechanical properties and promise enhanced tough-
ness compared to {methjacrylate photopolymers.*

The aim of this contribution is to synthesize and study
alkyne derivatives as biocompatible building blocks, which are
capable to provide both, biodegradability and impact strength
similar or even higher than thermoplastic biopolymers such as
polylactic acid, the most commonly used polymeric bioresorb-
able implant material. Consequently, novel monomers based
on terminal alkyne carbonates were synthesized and evaluated
with respect to their cytotoxicity, curing rate and triple bond
conversion. The degradability of thiol-yne derived polymers in
acidic and alkaline media was investigated and the influence
of the choice of monomer on the degradation behaviour was
studied. The mechanical properties were analysed by dynamic
mechanical thermal analysis (DMA) and Charpy impact testing
for selected polymers. Importantly, the 3D printability of such
resins could be successfully shown by means of DLP, whereby
basic biocompatible 3D structures were obtained.

This study reveals the huge potential of alkyne carbonate
based monomers for the fabrication of patient customized
medical devices by UV based AMTs.
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Experimental
"H-NMR and “*C-NMR spectroscopy

H-NMR and **C-NMR spectra were recorded on a Varian
400-NMR  spectrometer operating at 399.66 MHz and
100.5 MHz, respectively, and were referenced to Si(CHj),. For
the acquisition of the "H-NMR spectra a relaxation delay of
10 s and a 45° pulse were used. The NMR spectra were refer-
enced to solvent residual peaks according to values given in
the literature.*®

FT-IR (RT) measurements

FT-IR {RT} measurements were conducted on a VERTEX 70
{Bruker, Billerica, USA) in reflection mode with the unit A513.
1 pL of the resin of investigation was placed in between two
CaF, windows {8 mm diameter, 1 mm thickness) and illumi-
nated with an Omnicure 1000 (Lumen Dynamics, Missis-
sauga, USA} with 9 em gap between the sample and light guide
(P =22 mW ecm™ at the sample surface}. For real-time FT-IR
measurements the corresponding monomers were mixed with
5 wt% of the photoinitiator blend, diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide and 2-hydroxy-2-methylpropio-
phenone and a stoichiometric amount of trimethylol-propane-
tris(3-mercaptopropionate} {TMPMP). The corresponding
{methjacrylates were prepared without any thiol component.

Photo-DSC

The Photo-DSC experiments were performed on a NETZSCH
Photo-DSC 204 F1 Phoenix. All measurements were conducted
at 50 °C in aluminium crucibles under nitrogen flow (20
mL min "), Omnicure 52000 was used as light source at
1 W em ” resulting in an intensity of 80 mW cm > at the
surface of the sample (range of wavelength was 250-445 nmj.
For the determination of the reaction enthalpy and #,,,, the
samples were illuminated twice for 10 min each with an idle
time of 2 min in between (sample quantity: 8 + 0.05 mg resin,
containing 3 wt% of Irgacure TPO-L and stoichiometric
amounts of PETMP). For the analysis, the second run was sub-
tracted from the first one to obtain the reaction enthalpy
curve.

Sample preparation

For the determination of the thermomechanical properties
and the impact properties of the photopolymers, sample speci-
mens with 1 x 4 x 25 mm® (DMA) and 150 x 100 x 4 mm®
{Charpy) rectangular dimensions were fabricated in PTFE
moulds covered with a glass slide (DMA) or between two glass
plates (Charpy). The resin samples were photocured by a Light
hammer & (Fusion UV Systems} with a Hg bulb {specimen for
DMA: 5 passes each side, belt speed of 4 m min "}, 40% light
intensity (E = 3.8 ] cm™?) specimen for Charpy: first run:
4 passes each side, helt speed of 8 m min~", 40% light inten-
sity (E = 1.6 ] em *). Second run: 10 passes each side, belt
speed 4 m min~", 40% light intensity (E = 7.5 J em 7). Third
run: 5 passes each side, belt speed 4 m min~", 40% light inten-
sity after removing glass plates and sample heated to 90 °C

This journal is © The Royal Society of Chemistry 2016
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{E = 13.3 J cm™"}. The resins contained 3 wt% of the photo-
initiator Irgacure® TPO-L.

Dynamic mechanical thermal analysis (DMA)

The thermomechanical properties were measured in tension
mode using a DMA/SDTA 861 (Mettler Toledo) with a heating
rate of 2 K min " in the temperature range from —40 to 120 °C.
The operating frequency was determined at 1 Hz. For compari-
son of the alkyne carbonate formulations, the storage modulus
was evaluated at room temperature (37 °C). The glass tran-
sition temperature was determined at the maximum of tan
delta.

Charpy impact tests

Charpy impact tests were performed on a CEAST RESIL 25
testing machine on unnotched samples in an edgewise
arrangement with the dimensions 80 x 10 x 4 mm’. The drive
hammer energy was 2.0 J. Samples were tested at 20 °C.
Obtained results were corrected for machine parameters.

Viscosity measurements

Viscosity measurements were conducted on an Anton Paar
rheometer (MCR-102, Graz, Austria} with a cone-plate system
setup with a titanium cone (MK 22/60 mm, 0.58°) having an
opening angle of 0.58° and a diameter of 60 mm. The viscosity

was measured at 25 °C at a constant shear rate of 300 5.

Cytotoxicity

The cytotoxicity experiments were conducted at Cytoxbiolo-
gische Sicherheitspriifungen (Bayreuth, Germany} according to
ISO 10993-5:2009. For these tests mouse fibroblast cells {(1.929)
were used. Cells were cultured for 24 h in Dulbecco’s modified
Eagle’s medium (DMEM} with added antibiotics, sup-
plemented with 10% fetal calf serum at 37 °C in an incubator
with 5% CO,. Four different concentrations of the examined
substance (dissolved in DMSO} were applied onto the cells and
incubated for 48 h at 37 °C with 5% CO,. The final concen-
tration of DMSO in all cavities in the cell culture medium was
1% (v/v). Triton X 100 was used as toxic positive control (final
concentration 1% (v/v)) and the cell culture medium was used
as non-toxic negative control. All experiments were conducted
four times simultaneously. After the incubation the L929-cells
were washed with phosphate buffered saline (PBS), and after
an alkaline lysis step the protein concentration was deter-
mined via the Bradford method. Graphical illustrations of the
protein content in dependence of the monomer concentration
can be found in the ESL}

In vitro degradation

For the evaluation of the hydrolytic degradation behaviour the
corresponding specimen were prepared according to the pro-
cedure described for DMA samples. The specimen with the
dimensions 4 x 4 x 1 mm® were extracted in ethanol for 48 h
and subsequently immersed in 1 M NaOH or in 1 M HCI,
respectively, at 45 °C under continuous shaking. For PLA as a
reference substance spherical shaped samples with a diameter

This journal is © The Royal Scciety of Chemistry 2016
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of 4 mm were used. The sample dry weight was monitored
over the test period. To estimate the time to reach full degra-
dation the experimental curves were extrapolated.

Digital light processing

Printing experiments were performed by Cubicure GmbH and
conducted on a digital light processing (DLP} prototype
printer. Formulation TCBC/DIPETMP with 0.2 wt% Ivocerin®,
0.1 wt% Sudan IT and 0.5 wt% lauryl gallate was used. The test
patterns were generated with a layer thickness of 25 pm (test
pattern - Fig. 6, left) and 50 pm (stents - Fig. 6, right}. Back-
ward illumination was 25 s. Hlumination time was 50 s per
layer at an intensity of 30 mW ¢m ™~ (test pattern} and 100 mW
em " {stents). The total build time was 100 min (test pattern)
and 6.5 h (stents}). After the structuring process the sample was
rinsed with isopropanol, followed by post-curing for three
times 120 s in an Intelli-Ray 400 UV Curing System set to
maximum power.

Materials

1,4-Butanediol (Sigma Aldrich, 99%), 2-propyn-1-ol, {Sigma
Aldrich, 99%), 3-butyn-1-ol {Sigma Aldrich, 97%]}, 4-pentyn-2-ol
{Sigma Aldrich, >98%], 1,1"-carbonyldiimidazole (CDI} (Sigma
Aldrich, reagent grade), 1,1,1-tris(hydroxymethyl)propane
{Sigma Aldrich, 97%), bisphenol A (Sigma Aldrich, 99%), ethyl-
ene carhonate (Sigma Aldrich, 99%), tricyclo[5.2.1.0>%]decane-
4,8-dimethanol (Sigma Aldrich, 96%), ethyl(2,4,6-trimethyl-
benzoyl)phenylphosphinate (Irgacure® TPO-L, BASF), diphenyl
(2,4,6-trimethylbenzoyl}phosphine  oxide/2-hydroxy-2-methyl-
propiophenone, blend (Sigma Aldrich), dipentaerythritol hexa
{3-mercaptopropionate) (DiIPETMP) (Bruno Bock Chemische
Fabrik GmbH & Co. KG), pentaerythritol tetra{3-mercaptopro-
pionate} (PETMP} (Bruno Bock Chemische Fabrik GmbH & Co.
KG), trimethylolpropane tri(3-mercaptopropionate} (TMPMP)
{Bruno Bock Chemische Fabrik GmbH & Co. KG}, and 2,2'-
{ethylenedioxy)diethanethiol (Sigma Aldrich, 95%) were used
as received. 1,4-Butanediol diacrylate (abcr GmbH) and 1,4-
butanediol dimethacrylate (aber GmbH, 90%) have been puri-
fied by flash chromatography prior usage. Ivocerin® was pro-
vided with kind support from Ivoclar Vivadent AG. Tetra(3-
mercaptopropyl}silane (TMPS) was synthesized according to
literature.® 1929 cells were obtained from Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cul-
tures. Dulbecco’s modified Eagle’s medium (DMEM}, fetal calf
serum, penicillin/streptomycin solution, accutase enzyme solu-
tion and phosphate buffered saline (PBS} was purchased from
PAA Laboratories GmbH, Austria (GE Healthcare Europe
GmbH).

Synthesis

Butane-1,4-diyl bis(1H-imidazole-1-carboxylate) (4-CDI). In a
three-neck round-bottom flask 15.0 ¢ (166.5 mmol} 1,4-butane-
diol with 62.1 g (382.8 mmol, 2.3 eq.} 1,1-carbonyldiimidazole
{CDI) and catalytic amounts of KOH were added to 400 mL dry
toluene and stirred for 20 h at 60 °C. The mixture was then
diluted with dichloromethane and washed three times with
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deionized water. The combined organic extracts were dried
over Na,S0, and then concentrated under reduced pressure.
The crude product (white solid} showed quantitative conver-
sion (monitored by *H- and "*C-NMR).

'H-NMR (8, 400 MHz, CDCl;, 25 °C): 8.14 (s, 2H,
-N-CH=N-}; 7.43 (s, 2H, -N-CH=CH-}; 7.07 (s, 2H,
-CH=N-CH); 4.49 (m, 4H, -CH,-O}; 1.97 (m, 4H, -CH,-
CH,-0) ppm. “C-NMR (&, 100 MHz, CDCl, 25 °C}: 148.58 (s,
2C, C=0}; 137.00 (s, 2C, -C=N-C-}; 130.74 (s, 2C, -C=N-C-}
117.03 (s, 2C, -N-C=C-}; 67.36 (s, 2C, -O-C-}; 25.04 (s, 2C,
-C-C-O-) ppm.

1,4-Butanediol dipropargyl carbonate (4PC). In a three-neck
round-bottom flask 7.0 g (25.2 mmol) of 4-CDI with 3.4 g
{60.4 mmol, 2.4 eq.} 2-propyn-1-ol and catalytic amounts of
KOH were added to 200 mL dry toluene and stirred for 15 h at
60 °C. The mixture was diluted with dichloromethane and
washed three times with deionized water. The combined
organic extracts were dried over Na,SO, and concentrated
under reduced pressure. The crude product was purified with
flash column chromatography (cyclohexane:ethyl acetate =
8:1) to vield 6 g {94%) of 4PC as a colourless, transparent
liquid.

'H-NMR (8, 460 MHz, CDCl, 25 °C): 4.71 (d, 4H, -CH,-
C=C}; 4.20 (m, 4H, -CH,-0}); 2.52 (t, 2H, -C=CH}; 1.79 (m,
4H, -CH,~CH,-0O) ppm. “*C-NMR (8, 100 MHz, CDCl; 25 °C}:
154.42 (s, 2C,C=0); 76.91 (s, 2C, -C=CH}); 75.62 (s, 2C,
-C=CH]}; 67.73 (s, 2C, -C-0}; 55.12 (s, 2C, -C-C=C}; 24.97 (s,
2C, -C-C-0) ppm.

1,4-Butandiol dibut-3-yn-1-yl carbonate (4BC). 4BC was pre-
pared according to the procedure described for 4PC. 5.3 g
{19.0 mmol) of 4-CDI with 3.2 g (45.7 mmol, 2.4 eq.} 3-butyn-1-
ol and catalytic amounts of KOH in 150 mL dry toluene were
used. The crude product was recrystallized in a mixture of
cyclohexane and ethyl acetate (5 : 1) to yield 4.2 g (78%]) of 4BC
as white crystals.

'H-NMR (5, 400 MHz, CDCls, 25 °C): 4.24 (t, 4H, -CH,~
CH,-C=CH); 4.18 (m, 4H, —CH,-0), 2.57 (m, 4H, -CH,-
C=CH}; 2.02 (t, 2H, -C=CH}; 1.78 (m, 4H, -CH,-CH,-0-)}
ppm. “C-NMR: (8, 100 MHz, CDCl; 25 °C): 154.82 (s, 2C,
C=0); 79.38 (s, 2C, -C=CH}; 70.23 (s, 2C, -C=CH}; 67.44 (s,
2C, -C-0-}; 65.31 (s, 2C, -C-C-C=C}; 25.01 (s, 2C, -C-C-0-}
19.00 (s, 2C, -C-C=CH) ppm.

1,4-Butandiol dipent-4-yn-2-yl carbonate (4MPC). Step 1:
Pent-4-yn-2-yl 1H-imidazole-1-carboxylate (P-CDI} was synthesized
according to the procedure described for 4-CDL 5.0 g
{59.4 mmol) 4-pentyne-2-o0l with 11.57 g (71.3 mmol, 1.2 eq.}
CDI and catalytic amounts of KOH were used. The crude
product was used in the following reaction without further puri-
fication. Step 2: 4MPC was synthesized according to the pro-
cedure described for 4PC. 9.0 g (51.6 mmol, 2.3 eq.) of P-CDI
and 2.0 g (22.2 mmol) 1,4-butanediol with catalytic amounts of
KOH were used. The crude product was purified by flash
column chromatography (cyclohexane : ethyl acetate = 4:1) to
yield 6.0 g (87%) of 4MPC as a transparent, colourless liquid.

'H-NMR (8, 400 MHz, CDCl;, 25 °C): 4.86 [m, 2H,
-CH-CH;); 4.16 (m, 4H, -CH,-0O-}; 2.52 {m, 4H, -CH,~C=CH};
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2.03 (t, 2H, -C=CH}; 1.77 (t, 4H, -CH,;-CH,~0O-}; 1.39-1.37
{d, 6H, -CH;} ppm.

BC-NMR (8, 100 MHz, CDCl, 25 °C): 154.45 (s, 2C, C=0);
79.21 (s, 2C, -C=CH}; 72.55 (s, 2C, -C-CHy}; 70.23 (s, 2C,
-C=CH}; 67.25 (s, 2C, -C-0}; 25.58 (s, 2C, -C-C=C}; 25.12 (s,
2C, -C-C-0-}; 19.02 (s, 2C, -C-CH;) ppm.

1,1,1-Tris(hydroxymethyl)propane tripropargyl carbonate
(TMPC). Step 1: 1,1,1-Tris(hydroxymethyljpropane 1H-imidazole-
1-carboxylate (TMP-CDI) was synthesized according to the pro-
cedure described for 4-CDI. 5.0 g (37.3 mmol} 1,1,1-Tris(hydro-
xymethyl)propane with 19.9 g {123.0 mmol, 3.3 eq.} CDI and
catalytic amounts of KOH were used. The crude product was
used in the following reaction without further purification.
Step 2: TMPC was synthesized according to the procedure
described for 4PC. 15.5 g {37.2 mmol) TMP-CDI and 6.7 g
{11.9 mmol, 3.2 eq.) 2-propyne-1-ol were used. The crude
product was purified with flash column chromatography
{cyclohexane : ethyl acetate = 4:1) to yield 13.2 g (93%) of
TMPC as a transparent, colourless, viscous liquid.

'H-NMR (5, 400 MHz, CDCl;, 25 °C): 4.73 (d, 6H, ~CH,-
C=CH)}; 4.16 (s, 6H, -CH;-0-}; 2.54 (t, 3H, -C=CH); 1.53 (m,
2H, -CH,-CHs}; 0.91 (t, 3H, -CH3} ppm.

13C-NMR (8, 100 MHz, CDCl, 25 °C): 154.18 (s, 3C, C=0);
76.76 (s, 3C, -C=CH}; 75.89 (s, 3C, -C=CHY}; 67.37 (s, 3G,
-C-0}; 55.52 (s, 3C, -C-C=C}; 41.27 (s, 1C, Cq.}; 22.34 (s, 1C,
-C-CHs); 7.22 (s, 1C, -CHs) ppm.

2,2-Bis[4-(2-hydroxy)ethoxyphenyl[propane  (BisAE). The
product was synthesized according to a modified literature
procedure.® In a three-neck round-bottom flask equipped
with a reflux condenser 20 g (87.6 mmol} bisphenol A and
17.7 g (201.5 mmol, 2.3 eq.) ethylene carbonate were added to
24.2 g {175 mmol, 2.0 eq.} K,CO; in 300 mL DMF and refluxed
at 145 °C for 3 h. The reaction mixture was poured into 1.5 L
deionized water. The resulting white precipitate was filtered
and washed with water, with methanol and afterwards with a
small amount of cold THF. The remaining white powder was
dried under vacuum at 70 °C to yield 18.0 g (65%) of BisAE.

"H-NMR (8, 400 MHz, CDCl;, 25 °C): 7.15-7.13 (d, 4H,
Ar-H); 6.83-6.81 (d, 4H, Ar-H); 4.07 (t, 4H, -CH,-0-}; 3.95
{m, 4H, -CH,-OH}; 1.64(s, 6H, ~CH;) ppm.

13C-NMR (8, 100 MHz, CDCls, 25 °C): 156.42 (2C, Ar-C-0),
143.57 (2C, Ar-C}, 127.78 (4C, Ar-C), 113.92 (4C, Ar-C}, 69.09
{2C, 0-C}), 61.53 (2C, -C-OH), 41.72 (1C, -C-CH;}, 31.02 (2C,
-CHj;) ppm.

2,2-Bis[4-(2-hydroxy)ethoxyphenyl[propane  dibut-3-yn-1-yl
carbonate (BABC). Step 1: 2,2-Bis[4-(2-hydroxyjethoxyphenyl]
propane  bis(1H-imidazole-1-carboxylate) (BA-CDI) was syn-
thesized according to the procedure described for 4-CDI. 6.2 ¢
{19.6 mmol} BisAE with 7.9 g (49.0 mmol, 2.5 eq.) CDI and
catalytic amounts of KOH were used. The crude product was
used in the following reaction without further purification.
Step 2: BABC was synthesized according to the procedure
described for 4BC. 5.0 g {9.9 mmol} BA-CDI with 1.7 ¢
(23.8 mmol, 2.4 eq.} 3-butyne-1-ol and catalytic amounts
of KOH were used. The crude product was purified by
flash column chromatography (cyclohexane:ethyl acetate =
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5:1) to yield 4.3 g (85%) of BABC as a colourless, transparent
liquid.

'H-NMR (8, 400 MHz, CDCly, 25 °C): 7.14-7.10 (d, 4H, Ar-
H); 6.82-6.79 (d, 4H, Ar-H); 4.48 (t, 4H, Ar-O-CH,-CH,); 4.26
(t, 4H, -O-CH,-); 4.17 (t, 4H, -CH,-O-Ar); 2.58 (m, 4H,
-CH,-C=C}; 2.01 (t, 2H, -C=CH); 1.63 (s, 6H, -CH;) ppm.

BC-NMR (8, 100 MHz, CDCl;, 25 °C): 156.16 (s, 2C,
Ar-C-0J; 154.79 (s, 2C, C=0); 143.66 (s, 2C, Ar-C-Cq.); 127.76
(s, 4C, Ar-C); 113.97 (s, 4C, Ar-C); 79.31 (s, 2C, -C=C); 70.28
(s, 2C, -C=C-H); 66.30 (s, 2C, -O-CH,-); 65.55 (s, 4C,
-O-CH,); 41.72 (s, 1C, Cq.); 30.99 (s, 2C, -CH,); 18.99 (s, 2C,
-CH-C=C) ppm.

Tricyclo[5.2.1.0”°|decane-4,8-dimethanol dibut-3-yn-1-yl car-
bonate (TCBC). Step 1: Tricyclof5.2.1.0°" Jdecane-4,8-dimethylbis
(1H-imidazole-1-carboxylate) ~ (TCBC-CDI) was synthesized
according to the procedure described for 4-CDI. 79.4 g
(404.5 mmol) tricyclo[5.2.1.0*"]decane-4,8-dimethanol with
164.0 g (1011 mmol, 2.5 eq.) CDI and catalytic amounts of
KOH were used in 1000 mL toluene. The crude product was
used in the following reaction without further purification.
Step 2: TCBC was synthesized according to the procedure
described in entry 4BC. 155.5 g (404.5 mmol) TCBC-CDI with
73.7 g (1052 mmol, 2.6 eq.) 3-butyne-1-oland catalytic amounts
of KOH were used in 700 mL toluene. 156 g (99%) of TCBC was
received as a colourless, transparent liquid. The product was
used without further purification.

'H-NMR (8, 400 MHz, CDCls, 25 °C): 4.23 (t, 4H, -O-CH,-),
3.96 (m, 4H, -CH,-0-), 2.58 (m, 4H, -CH,-C=C), 2.02 (s, 2H,
-C=CH); 2.58-0.90 (m, 14H, -CH-, -CH,~; isomers of back-
bone) ppm.

“C-NMR (8, 100 MHz, CDCls, 25 °C): 155.02 (s, 2C, C=0);
79.44 (s, 2C, -C=C); 72.53, 71.73, 71.67, 71.54, 71.47 (multiple
s, -C-O-, isomers); 70.21 (s, 2C, -C=C-H); 65.26 (s, 2C, -O-
CH,-CH,-C=C); 49.05, 48.60, 45.44, 44.83, 44.80, 43.68,
42.87, 42.61, 41.45, 40.17, 38.86, 38.31, 34.27, 34.18, 33.34,
32.42, 32.16, 30.60, 30.33, 28.09, 27.70, 27.27, 25.17, 24.45
(multiple s, -CH-, -CH,—; isomers of backbone); 19.04 (s, 2C,
-CH-C=C) ppm.

Results and discussion
Synthesis

In this contribution, bifunctional alkyne carbonate building
blocks with different alkynyl functionalities and spacer mole-
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cules were synthesized. The conventional synthesis of func-
tional carbonates is mainly based on highly toxic compounds
such as phosgene, triphosgene or chloroformate derivatives.®!
For the preparation of these building blocks an alternative syn-
thetic pathway has been chosen involving less toxic reagents
and very mild reaction conditions. As illustrated in Scheme 1
the reaction of the hydroxyl functionalized backbone molecule
with a slight excess of 1,1'-carbonyldiimidazole (CDI) and cata-
Iytic amounts of KOH in toluene at elevated temperatures
leads to an imidazole carboxylic ester derivative. This inter-
mediate was reacted with propargyl alcohol and 3-butyne-1-ol,
respectively, to give the corresponding monomers in decent
yields (65-98%).” The molecular structures of these mono-
mers are depicted in Scheme 2. One particular feature of this
reaction is the fact that excess of CDI and the resulting imida-
zole can be easily removed during aqueous workup, as CDI is
hydrolytically unstable and the formed imidazole is water
soluble. Extraction of the reaction mixture with water leads to
products that in some cases did not even require additional
purification. Since imidazole carboxylic ester provide only
sufficiently high reactivity towards primary hydroxyl groups,
the synthesis of 4MPC was performed by the reaction of
4-pentyne-2-ol with CDI and a subsequent conversion of the
formed imidazole carboxylic ester with 1,4-butandiol. The syn-
thesized monomers were characterized by 'H- and "*C-NMR
spectroscopy. The obtained data are in good agreement with
the proposed structures. All monomers were in their liquid
state at room temperature, except for 4BC that formed solid
crystals that are soluble in the used thiols at slightly elevated
temperature.

Photoreactivity and monomer conversion

The curing rate and the conversion of UV curable monomers
are two very important parameters that have to be considered
for biomedical applications as they determine the 3D printing
speed and the amount of leachable monomers in the built
medical device. The polymerization behaviour of the syn-
thesized monomers was investigated by photo-DSC, using
PETMP as co-monomer. The obtained data were compared to
the (meth)acrylate based compounds BuMAc and BuAc. Photo-
DSC represents a unique method for the fast and accurate
evaluation of kinetic parameters of UV induced polymeriz-
ations. The reaction time t, is the time to reach the
maximum of polymerization enthalpy. Together with the peak
shape, it reveals information about the overall photoreactivity.

o _N
KOH (cat.) r
Toluene, 60°C N//\N)Lo/WOTN\/)
' =/ !
o]
KOH (cat.) S
\\/\ )J\ T 0
Toluene, 60°C L DS

Scheme 1 Synthesis of butyne-1-yl carbonates from alcohols in a two-step reaction involving carbonyldiimidazole (CDI).
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Scheme 2 Synthesized propargyl and butyne-1-yl carbonates.

Fig. 1 displays the photo-DSC plots of the investigated thiol-
yne formulations and the reference substances BuAc and
BuMAc. All investigated alkyne carbonate monomers, bearing
C4 spacer, i.e. 4PC, 4BC, 4MPC, offer photoreactivities that are
comparable with the corresponding acrylate BuAc which is
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Fig. 1 P-DSC plots of investigated monomers. Upper: 4PC (solid), 4BC
(chain dotted), 4MPC (dotted), 4AC (chain double dotted) and 4MAC
(dashed). Lower: BABC (dotted), TCBC (solid) and TMPC (dashed). Illumi-
nation starts at 5.1 s.
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reflected by their similar ,,,,, values (see Table 1) and the time
(approximately 30 s) to reach their overall polymerization heat
(see Fig. 1). However, a slight difference between propargyl
and but-3-yne-1-yl derivatives can be observed. Although pro-
pargyl carbonates react much faster than the reference metha-
crylate, 4MAC, they show a tendency of lower ¢, values than
the but-3-yne-1-yl and pent-4-yne-2-yl carbonates. The superior-
ity of the but-3-yne-1-yl and pent-4-yne-2-yl derivatives might
be explained by the additional CH, group between the alkyne
and carbonate group that reduces the influence of the carbon-
ate group on the electronic density of the yne triple bond. This
hypothesis is supported by the outstanding reactivity of ali-
phatic terminal alkynes, which react significantly faster than
other alkyne derivatives.*

Besides the kinetics of photopolymerisations, photo-DSC
can also be used to determine monomer conversion (MC), as it
is directly proportional to the developed reaction heat.
However, due to different theoretical heats of polymerization
of (meth)acrylates and propargyl and but-3-yne-1-yl and pent-4-
yne-2-yl carbonates, respectively, MC was determined by infra-
red spectroscopy (Table 1). Detailed results of the real-time
FT-IR spectroscopy measurements can be found in the ESL}
Most importantly, alkyne carbonates bearing a C4 spacer, ie.

Table 1 Obtained parameters from photo-DSC (t.) and real-time
FT-IR (MC) measurements, as well as EC50 values from in vitro cyto-
toxicity tests

Monomer [— MC/% EC50/mM
4PC 3.8 98 0.55

4BC 2.8 98 2.00
4AMPC 2.5 96 10.0
TCBC 2.6 94 2.40
TMPC 37 91 —

BABC 3.5 84 —

4AC 2.7 79 <0.16
4MAC 6.5 75 <0.16

This journal is © The Royal Society of Chemistry 2016
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4PC, 4BC and 4MPC, show significantly higher monomer con-
versions than their corresponding meth(acrylates). These
monomers provide almost quantitative conversion (see
Table 1), while 4AC and 4MAC reaches only 79% and 75%,
respectively. Monomers bearing multiple alkyne carbonate
groups (TMPC) or rigid backbones (BABC, TCBC) show slightly
lower conversions (84-94%) and curing rates (see Table 1).
This can be attributed to their higher viscosity. While for
example 4PC has a measured viscosity of 44 mPa s, TCBC
shows a viscosity of 2330 mPa s, however, they still outperform
4MAC in terms of MC (see Table 1).

In vitro cytotoxicity

Although the conversion of the investigated alkyne carbonates
is comparably high, there is still an amount of leachable
monomer present in the cured polymer. This fact explains why
cytotoxicity of monomers is a detrimental factor that has to be
considered for applications where photopolymers are in
contact with human body fluids or tissue. The cytotoxicity of
(meth)acrylates can be attributed to their reactivity towards
amino- or thiol-groups of proteins or DNA.** It is well known
that terminal alkyne groups, without electron withdrawing
moieties in their neighbourhood, are mostly inert in the thiol
Michael reaction even under basic conditions, which suggests
a higher biocompatibility of the synthesized monomers com-
pared to (meth)acrylate building blocks. In order to prove this
hypothesis, the cytotoxic potential of the alkyne carbonate and
(meth)acrylate monomers was evaluated by vitro tests using
L929 mouse fibroblast cells (1ISO 10993-5:2009). The concen-
tration where 50% of the cells were still viable was denoted as
EC50. Besides the unsaturated groups, also the spacer moiety
can exert influence on the cytotoxic behaviour. Consequently,
these tests were performed with alkyne carbonate and (meth)
acrylate monomers bearing C4 spacer, i.e. 4PC, 4BC, 4MPC.
Additionally, TCBC was also evaluated, as it was used in the
3D printing experiments (vide infra). Compared to the tested
{meth)acrylates 4AC and 4MAC, cells show much higher toler-
ance towards alkyne carbonates, reflected by at least the factor

PETMP
HS SH
HEw ™ N s
TMPS

Scheme 3 Thiols used in photopolymers.
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of three higher EC50 values (see Table 1). Interestingly, the
cytotoxicity of the tested alkyne carbonates is strongly influ-
enced by the alkyne functionality, whereby the pent-4-yne-2-yl
derivative (4MPC) offers the highest EC50 value of 10.0 mM,
followed by both but-3-yne-1-yl carbonates (4BC: 2.00 mM;
TCBC: 2.40 mM) and the propargyl based compound (4PC:
0.55 mM). More details on the testing results can be found in
the ESLT

Characterization of the network properties

Since medical implants have to withstand or even absorb
mechanical forces, appropriate thermo-mechanical properties
at body temperature are crucial requirements, which determine
the choice of the building material. Besides the network
density of photopolymers also the type of the monomer back-
bone exerts significant influence on the modulus and tough-
ness.””?** while flexible spacer such as alkyl or oligo glycol
chains are known to result in rather flexible and soft materials
with low glass transition temperatures, molecules with rigid
ring systems are anticipated to be responsible for good mech-
anical properties at even higher temperatures.”® In thiol-yne
resins, the structure and functionality of both types of mono-
mers, i.e. yne and thiol, determine the network properties.
Consequently, alkyne carbonate building blocks (see
Scheme 2) with different spacer groups and alkyne functional-
ities were polymerized in combination with the multifunc-
tional thiols PETMP, DiPETMP and TMPS (Scheme 3) that
differ in their functionality and backbone structure.

1t is well reported that the thiol-yne reaction leads to a
uniform network formation, which is responsible for a narrow
glass transition resulting in a rapid loss in storage modulus
above the 7,.°°°® For hard tissue replacements the storage
modulus (£") must be sufficiently high, thus the polymer needs
to be in the glassy state at body temperature. Table 2 shows the
storage moduli, the T, at the maximum of tan delta and the
full width at half-maxima (FWHM) of tan delta of the investi-
gated thiol-yne networks.
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Table 2 T, storage modulus (E' at 37 °C) and FWHM of polymerized
alkyne carbonate formulations and 4AC and 4MAC as references

Monomer T, [tan(8)]/°C E' (37 °C) FWHM/°C
4AC 8346 1422 + 30 —
4AMAC — 1649 + 20 —
4PC(PETMP) 4541 509 + 33 191
4PC(20TMPS) 48+ 1 1134 + 216 14 + 1
4BC(PETMP) 41+1 257 +1 1541
4MPC(PETMP) 4943 1107 + 112 1415
TMPC(PETMP) 5911 1629 + 126 2841
BABC(PETMP) 60+ 1 2155 + 10 17+ 2
TCBC(PETMP) 56+ 1 1720 + 141 19+1
TCBC(DIiPETMP) 721 2346 + 34 1721

Comparing the properties of cured alkyne monomers with
same spacer length, only a slight difference in the 7, of 8 °C
can be observed for 4PC/PETMP (T, = 45 °C), 4BC/PETMP (T, =
41 °C) and 4MPC/PETMP (T, = 49 °C) as shown in Table 2.
This effect can be explained by the different length and substi-
tution of the terminal alkynyl chain. Accordingly, the
additional methyl groups of 4MPC/PETMP result in an
increase in T, of about 8 °C compared to 4BC/PETMP. While
both networks of 4BC and 4PC are in the transition region at
body temperature, which results in lower moduli, 4MPC pro-
vides a reasonable storage modulus at 37 °C. The generally
lower thermo-mechanical properties of these thiol-yne photo-
polymer compared to homopolymers of the corresponding
{meth)acrylates can be attributed the rather flexible thioether
linkages. The DMA plot of 4MAC can be found in the ESLt
While the moduli of 4AC and 4MAC steadily decrease over the
measured temperature range, the moduli of 4PC, 4BC and
4MPC decline significantly after reaching the onset tempera-
ture of tan delta, which can be assigned to the narrow glass
transitions (FWHMs of 15-20 °C) in these photopolymers.
Besides the terminal alkynyl chain of the carbonate monomers
also the type of thiol exerts influence on the network pro-
perties of the cured resins. For example, the substitution of
20 mol% PETMP by TMPS in a 4PC based thiol-yne resin
leads to a 3 °C higher glass transition temperature and a more
homogenous network formation (reduction of FWHM by 5 °C).
As expected, the monomers BABC and TCBC which contain a
bisphenol A or tricyclo[5.2.1.0*¢|decane-4,8-dimethanol back-
bone and the three functional monomer TMPC provide
enhanced thermo-mechanical properties. In combination with
PETMP these monomers lead to photopolymers with glass
transition temperatures between 56°-60 °C (see Table 2) and
to storage moduli that are well above 1600 MPa. It is worth
mentioning that the usage of the hexafunctional DiPETMP
instead of PETMP further increases the glass transition temp-
erature and the modulus in TCBC based networks, which is
explained by the higher crosslinking density (Fig. 2 and 3).

Besides a high modulus at body temperature, medical
implants, in particular bone replacements, need to have appro-
priate impact strengths, in other words material toughness.
State-of-the-art photopolymers obtained by radical curing of
(meth)acrylates are rather brittle due to the evolution of
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Fig. 2 Storage modulus and tan delta from DMA measurements of
investigated polymer samples. Upper: 4MPC/PETMP (solid), 4BC/PETMP
(dashed), 4AC (chain dotted). Lower: TMPC/PETMP {solid), BABC/PETMP
(dashed).

shrinkage stress during the fast radical chain growth polymer-
ization and the inhomogeneous polymeric architecture,
respectively. For example, 4AC offers a comparably high glass
transition temperature of 83 °C and an appropriate modulus
(1422 MPa), however, it exhibits a Charpy impact strength of
only acy = 3 + 1 k] m ™2, (see Fig. 4) which is far too low for an
application as hard tissue replacements.

Since the thiol-yne polymerization yields networks with
unique homogeneity and reduced shrinkage stress, these poly-
meric materials are expected to possess increased toughness.

This assumption could be confirmed for TCBC/PETMP and
TCBC/DiPETMP providing Charpy impacts strengths of acy =
44+ 5 k) m % and agy = 29 + 5 k] m % Although the combi-
nation TCBC/DIPETMP shows lower impact strength than
TCBC/PETMP, it offers similar properties to PLA (acy =
19 K] m 3, T, =~ 55-65 °C, E' ~ 3000 MPa).'">***” One expla-
nation for the lower impact strength of TCBC/DiPETMP com-
pared to TCBC/PETMP is its higher crosslinking density that is
known to behave diametrically to the impact properties.

Degradation

Hydrolytic degradation of polymers can be one desired
material property of medical devices, as it is the case
for scaffolds required for bone regeneration therapies.’®

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Charpy impact strength and T4 of TCBC/PETMP, TCBC/DiPETMP,
4AC and PLA (* for Charpy impact strength of PLA review Mautner et al.;
for Ty of PLA review Middleton et al. and Hassan et al. 162250,

(Meth)acrylate networks provide, however, only very limited
biodegradability and the resulting high molecular weight
(meth)acrylic acid can lead to adverse effects like tissue necrosis.”
In contrast, polymers made from step-growth reaction that
contain degradable linkers are expected to degrade in low
molecular fragments that can be easily transported within the
human body allowing frequent reduction of undesired degra-
dation products from the degradation site.”**? Although there

This journal is © The Royal Society of Chermistry 2016
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are several procedures and media described for the in vitro
evaluation of the biodegradability of polymeric materials, e.g.
phosphate-buffered saline with a pH of 7.4 at 37 °C, a proper
simulation of in vive bio resorption can hardly be accom-
plished as factors like polymer-cell interactions cannot be
simulated easily.® Since degradation times can take up to
several years, it is common to perform accelerated tests at
higher temperatures andfor pH.'®">" Considering the fact
that medical devices could also be exposed to regions with a
lower pH value as of blood (pH = 7.4), for example to the
buccal mucosa, accelerated degradation test were performed
under both, alkaline (1 M NaOH) and acidic conditions
(1 M HCI) at 45 °C. The herein investigated alkyne and thiol
building blocks contain carbonate and ester moieties, which
are capable to undergo hydrolytic degradation under these
conditions. Firstly, the degradability of the carbonate group
and the impact of the alkyne chain functionality were studied
using 4PC, 4BC and 4MPC in combination with the bifunc-
tional thiol 2,2'-(ethylenedioxy)diethanethiol (EDT), which
bears glycol ether groups, known to be chemically inert in
both basic and acid aqueous media. Moreover, it can be
expected that EDT supports the hydrolysis of these polymers,
as it decreases the cross-link density (compared to tetrafunc-
tional thiols) and the polar ether groups facilitate swelling.
Interestingly, these networks show only minor degradation
(1-7% decrease in mass) after 40 days of storage in both media
(as shown in Fig. 5) revealing the comparably high stability of
carbonate moieties under these conditions. In contrast, alkyne
carbonates that were photo-crosslinked with PETMP showed a
considerable high degradation that can be attributed to hydro-
Iytic sensitivity of the ester groups. Importantly, the rate
strongly depends on the alkynyl chain functionality and on the
pH of the simulant. Table 3 shows the extrapolated time to
reach full degradation in NaOH for formulations crosslinked
with PETMP and/or TMPS. For comparison reasons these
values are an extrapolation of the presented curves in Fig. 5.
While 4PC/PETMP and 4BC/PETMP show full degradation
within 7.6 days in 1 M NaOH, which behave similar to PLA
(7.5 d), the rate of degradation is much lower for AMPC/PETMP
(34.6 d). This finding can be attributed to the additional
methyl group of 4MPC that enhances the hydrophobicity of
the network and can sterically decelerate hydrolytic cleavage
reactions. Not surprisingly, the degradation rate in 1 M HCI is
significantly lower, as ester moieties are more sensitive
towards alkaline hydrolysis.** Following the concept that the
content on ester moieties in polymeric networks determines
the degradation rate,” 4PC was photo-cured with two different
thiols, PETMP and the non-degradable, tetrafunctional thiol
TMPS. Both thiols were mixed in different molar ratios,
upholding the overall stoichiometry (alkyne groups : mercapto
groups = 1: 2). The replacement of only 5 mol% of PETMP by
TMPS leads to a clear reduction of the degradation velocity
(12.6 d) as clearly revealed in Fig. 5. The degradation rate
could be further reduced by substitution of 10 mol% (21.7 d)
and 20 mol% (28.0 d) PETMP, respectively. These results
clearly indicate that it is possible to selectively adjust the
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Table 3 Time to reach full degradation (extrapolated values)

Formulation Estimated full degradation/d
4PC/PETMP 7.6
4BC/PETMP o
MPC/PETMP 34.6
4PC/5TMPS 12.6
4PC/10TMPS 21.7
4PC/20TMPS 28.0
PLA 7.5

degradation time of such materials by the choice of the
selected monomers. In this context, it has to be mentioned
that the substitution of 20% PETMP by TMPS does not nega-
tively influence the thermo-mechanical properties (vide supra).
Importantly, it turned out that networks made from tetrafunc-
tional thiols, ie. PETMP and TMPS, show surface erosion,
while polymers containing the bifunctional thiol EDT tend to
swelling and bulk erosion. For bioresorbable medical implants
surface erosion is favoured because swelling in combination
with bulk degradation leads to a premature and non-linear
decrease in the mechanical properties.”” Based on the pre-
sented results alkyne carbonates seem to be appropriate candi-
dates for bioresorbable hard tissue replacements, although
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Fig. 6 3D printed test patterns from a TCBC/DIPETMP formulation
(scale on the left shown in cm).

further detailed studies on the in vivo degradation behaviour
are necessary.

3D printing of tough resin formulation

Since TCBC based resins showed excellent performances
regarding curing rate and conversion together with low cyto-
toxicity and their networks provide decent mechanical pro-
perties in terms of modulus and impact strength, this
monomer was chosen for the evaluation of its 3D printability
by a DLP printer, offering the advantage of low material con-
sumption, short production times and sufficiently high resolu-
tion. As the used DLP system is based on blue light (peak at
465 nm) an appropriate light absorber (Sudan 1I) and photo-
initiator (Ivocerin®) has to be added. Formulation of
TCBC/DIPETMP could be printed successfully with an accuracy
of 40 x 40 um as shown on the test structures illustrated in
Fig. 6. This resolution is high enough to print medical devices
with smooth surfaces or bone scaffolds, where textures with
pore sizes of 50-1000 pm are known to allow optimal bone
ingrowth.%**

Conclusion

This contribution deals with the synthesis of new biocompati-
ble monomers based on the thiol-yne reaction with the aim to
facilitate the fabrication of tailor made medical devices by UV
based additive manufacturing technologies. A particular focus
was set on the investigation of the cytotoxicity of the mono-
mers, the mechanical properties of the obtained networks and
their biodegradability. While the curing rates of the investi-
gated alkyne carbonate/thiol formulation are in the range of
acrylates, they offer significantly higher conversions between
84-98%. Moreover, it could be successfully shown that the syn-
thesized alkyne carbonate based compounds provide consider-
ably lower cytotoxicity as the corresponding (meth)acrylates.
Interestingly, the cytotoxicity of the tested alkyne carbonates is
strongly influenced by the alkynyl functionality, whereby the
pent-4-yn-2-yl derivative (4MPC) offers the highest EC50 value.
Although the long term toxicity of such compounds has to be
investigated in further studies, these alkyne carbonate/thiol
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resins provide almost quantitative conversions that reduces
the migration of potential harmful compounds to a level that
cannot be reached by (methjacrylate monomers. Curing the
synthesized building blocks in combination with PETMP, net-
works which contain cleavable ester moieties were obtained
that provide degradability in aqueous alkaline and acidic
media. Through the substitution of PETMP by 5 to 20 mol%
TMPS, a selective adjustment of the degradation rate is feas-
ible, which does not negatively influence the thermo-mechan-
ical properties. Moreover, it tumed out that networks made
from the tetrafunctional thiols PETMP and TMPS showed
surface erosion with an almost linear decrease in mass during
storage in 1 M NaOH and 1 M HCI at 45 °C, respectively. Most
importantly, monomers that contain a tricyclo[5.2.1.0%°]
decane-4,8-dimethanol spacer provide decent thermo-mechan-
ical properties together with appropriate impact strength in
the range of PLA. These findings can be attributed to the
network homogeneity and the reduced shrinkage stress which
occur during thiol-yne photopolymerisation. Formulations of
TCBC/DIPETMP were printed successfully with an accuracy of
40 x 40 pm, which seems to be high enough to prints medical
devices with smooth surfaces or hone scaffolds, where textures
with pore sizes of 50-1000 pm are known to support bone
ingrowth.

Alkyne carbonate based resins seem to be appropriate can-
didates for the 3D fabrication of bioresorbable hard tissue
replacements, even though further detailed studies on the
in vivo degradation behaviour and on the tissue compatibility
are necessary.
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Exploring Network Formation of Tough and
Biocompatible Thiol-yne Based Photopolymers

Andreas Oesterreicher, Christian Gorsche, Santhosh Ayalur-Karunakaran,
Andreas Moser, Matthias Edler, Gerald Pinter, Sandra Schlogl,
Robert Liska, Thomas Griesser*

This work deals with the in-depth investigation of thiol-yne based network formation and its
effect on thermomechanical properties and impact strength. The results show that the bifunc-
tional alkyne monomer di(but-1-yne-4-yl)carbonate (DBC) provides significantly lower cyto-
toxicity than the comparable acrylate, 1,4-butanediol diacrylate (BDA). Real-time near infrared
photorheology measurements reveal that gel formation is shifted to higher conversions for
DBC/thiol resins leading to lower shrinkage stress and higher overall monomer conversion

than BDA. Glass transition temperature (Tg), shrinkage stress, as well as network density

determined by double quantum solid state NMR, increase —
proportionally with the thiol functionality. Most importantly, i =4+
highly cross-linked DBC/dipentaerythritol hexa(3-mercapto-
propionate) networks (T, ~ 61 °C) provide a 5.3 times higher e
impact strength than BDA, which is explained by the unique
network homogeneity of thiol-yne photopolymers. .

1. Introduction

Photopolymers are well established in industry, reaching
from coatings and paintings to lithographic resins for the
production of microelectronics or optical materials.! The
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last decade has seen a remarkable increase in the develop-
ment of lithography based additive manufacturing tech-
niques for polymeric materials.>% Compared to other
3D printing methods these light-based techniques offer
several advantages, including higher writing speed and
better resolutions.! However, state of the art UV curable
resins are limited to (meth)acrylate based monomers and
their resulting polymeric networks. These building blocks
are characterized by high curing rates, which can be
ascribed to a fast radical chain growth polymerization that
can form highly cross-linked networks within seconds.!!
Considerable drawbacks of (meth)acrylate building blocks
are their remarkably high irritancy potential and cytotox-
icity, which can be attributed to their reactivity toward
Michael addition reactions with amino- or thiol-groups of
proteins or DNA.58) These drawbacks in addition to the
nonquantitative curing behavior of this class of monomers
prevents them from being considered usable for the indi-
vidual fabrication of medical devices by additive manufac-
turing methods where the final product is meant to be in
contact or even within the human body.[*°! Another dis-
advantage of radically cured photopolymers is their com-
parably low polymer toughness which drastically limits
their applicability. This behavior can be attributed to the
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evolution of shrinkage stress during the fast radical chain
growth polymerization and the formation of an inhomoge-
neous polymeric network structure.'*1?] Besides an appro-
priate Young’s modulus and glass transition temperature,
high toughness in terms of impact resistance is a key
requirement for many applications that have to withstand
and absorb mechanical forces.

Subsequently, numerous approaches have been pro-
posed to overcome these drawbacks.'? Very recently,
it could be shown that the use of addition fragmenta-
tion chain transfer reagents in (meth)acrylate resins
provides a precise regulation of the network formation,
thus improving thermal and mechanical properties.['l]
Another possibility offered through thiol-ene chemistry
is the generation of highly uniform networks via a rad-
ical step growth mechanism.[**l However, the addition of
multifunctional thiols to (meth)acrylates significantly
lowers the thermomechanical properties, ie., modulus
and glass transition temperature, of these photopolymers.
This fact can be attributed to a decrease of the cross-link
density and also to the flexibility of the formed thioether
bonds.[*4!

Highly cross-linked thioether based networks that
provide similar thermomechanical properties to those
of poly{meth)acrylates can be obtained by using multi-
functional alkynes instead of vinyl monomers.[*>-7] This
so-called thiol-yne reaction leads to homogeneous net-
works and offers the well reported advantageous aspects
of thiol based chemistry, including the formation of low
shrinkage stress during polymerization which prom-
ises photopolymers with decent toughness.[® It is well
known that terminal alkyne groups, without electron
withdrawing moieties in their neighborhood, are mostly
inert toward thiols (thiol Michael reaction), even under
basic conditions."®] This suggests a higher biocompat-
ibility of alkyne based building blocks. Moreover, it was
shown that thiols based on mercapto propionic acid
derivatives provide low monomer cytotoxicity.[2]

MBDA

B Scheme 1. Structures of the investigated monomers.
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Herein, we study the formation of thiol-yne networks
from di(but-1-yne-4-yl)carbonate (DBC) and selected multi-
functional thiols (see Scheme 1) with the aim to facilitate
photoreactive systems, which combine low cytotoxicity
and high photoreactivity with appropriate thermomechan-
ical properties and decent toughness in the cured state.

2. Results and Discussion
2.1. Cell Culture Experiments

The cytotoxic potential of DBC (synthesis see Supporting
Information) was evaluated and compared to BDA and
1,4-butanediol dimethacrylate (MBDA). The bifunctional
(meth)acrylate model compounds BDA and MBDA, respec-
tively, were chosen because they provide a similar struc-
ture and molecular mass as DBC. The results are that DBC
shows significant higher EC50 values (1.6 x 1073 m; concen-
tration where 50% of the cells were still viable) than BDA
(<0.16 x 1073 m) and the corresponding methacrylate MBDA
(«<0.16 x 1073 m).

2.2. Exploration of the Photoreactivity Via Photo-
Differential Scanning Calorimetry (Photo-DSC)

Photo-DSC represents a unique method for the fast and
accurate evaluation of kinetic parameters of UV induced
polymerizations. The reaction time t,,,,, is the time to reach
the maximum of polymerization enthalpy. Together with
the peak shape, it reveals information about the overall
photoreactivity. Figure 1 (left) displays the photo-DSC
plots of the investigated DBC/thiol formulations, BDA and
MBDA. While the thiol-yne formulations provide reac-
tivities similar to BDA (t,a, = 2.4-2.7 s), the methacrylate
based monomer MBDA shows only moderate curing per-
formance (t,. = 6.5 s), thus it was not considered in further
investigations. BDA and the thiol-yne formulations reach
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Figure 1. Photo-DSC plots (left) and determination of the gelpoint (G'/G” =1, —) (right) of BDA (chain double dotted), MBDA (solid, left only),
DBC/TMPMP (dashed), DBC/PETMP (dotted), DBC/DiPETMP (chain dotted). Light starts at o s.

full polymerization heat after =30 s, which also indicates
similar reactivity. Besides the kinetics of photopolymeriza-
tions, photo-DSC can also be used to determine monomer
conversion (MC), as it is directly proportional to the devel-
oped reaction heat. However, due to different theoretical
heats of polymerization for (meth)acrylates and thiol-yne
resins, respectively, MC was determined by real-time near
infrared photorheology (RT-NIR photorheology; vide infra).

2.3. In Situ Investigation of Network Formation
by RT-NIR-Photorheology

Other important parameters of photopolymerization that
strongly influence the curing speed, as well as the mechan-
ical properties of obtained photopolymers, are the time to
reach gelation (t,.), the conversion at the gel point (MCy),
the overall conversion (MC), and the shrinkage stress. A
unique method to determine all of those parameters pro-
vides RT-NIR photorheology.?]

It is well reported that thiol-based step growth
polymerization reactions exhibit higher monomer con-
versions at the gel point compared to the homopolymeri-
zation of (meth)acrylates.'3) This causes a higher overall
conversion, which can be assigned to the higher mobility
of monomers and formed radicals below the gel point. The
difference in the reaction mechanism also explains the
reduced evolution of shrinkage stress during thiol-based
polymerization reactions. In acrylate polymerizations, the
gel point is reached at low conversions. Further conversion
in the gel state induces shrinkage stress, as the material
is no longer able to flow and compensate the shrinkage.
Consequently, high conversion at the gel point signifi-
cantly reduces shrinkage stress in the final material.

In photorheology, f,.| corresponds to the time until the
intersection of storage and loss modulus (G'/G” = 1) is
reached.?V] Figure 1 displays the ratio of G'//G” in depend-
ence of curing time of the investigated monomers. While
BDA gels already after 1.7 s, the thiol-yne resins provide
significantly delayed gel formation. It was also found that
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tee; decreases with increasing functionality of the thiol
used in the formulation. For comparison, resins based on
the trifunctional thiol TMPMP reach the gel point within
10.3 s, while the resin with the hexafunctional DiPETMP
requires only approximately half as long (5.3 s). The higher
network formation velocity and the higher viscosity of
multifunctional monomers explain this behavior.

Furthermore, the conversion at the gel point (MC,) was
evaluated by monitoring the decrease of the peak areas
of alkyne and acrylate groups in the NIR region. The
results of these measurements (shown in Table 1) reveal
considerably higher MCgs at the gel point for the DBC/
thiol formulations (35%—55%) compared to BDA (18%).
Accordingly, a decrease in MCg is observed, alongside
an increasing thiol functionality. Taking into account
that the studied thiol-yne formulations provide similar
photoreactivity, lower tg values explain the decrease of
MC, with increasing thiol functionality. Beside MCj, the
overall conversion is also significantly influenced by fg
and the photoreactivity. The step growth mechanism of
thiol-yne reactions facilitates delayed gel formation, thus
monomers and formed radicals can interact much longer
as in the case of BDA. Although DBC/thiol formulations
show significantly higher viscosities (Table 1) than BDA,
they provide MCs of 90%—95%.

The network formation during curing exerts a strong
impact on the properties of the final material. Monitoring
the normal force Fy during photorheology gives an indi-
cation of the developed shrinkage stress. As shown in
Figure S5 of the Supporting Information, BDA shows an
Fy of 32.7 N, whereas the thiol-yne based resins provide
lower values of Fy after 300 s of illumination, as seen for
DBC/TMPMP (22.1 N), followed by DBC/PETMP (24.7 N)
and DBC/DiPETMP (26.0 N).

2.4, Characterization of Network Properties

While the modulus and glass transition temperature
of polymers can be measured by dynamic mechanical
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Table 1. Investigated parameters of alkyne/thiol formulations and their corresponding photopolymers including reference sample BDA.
(n: viscosity; tger: time to reach gelation; MCg: conversion at the gel point; MC: overall monomer conversion; DF: defect fraction; Rel. Dyes:
relative residual dipolar coupling; Rel. E'(100 °C): relative storage modulus at T=100 °C; T;: glass transition temperature; E’ at 20 °C: storage

modulus at 20 °C).

Formulation n tea MC, McC DF Rel. Rel. E’ T, E'at20°C
[mPas] [s] [%] [%] [%] Dis  (100°C)  [C] [mPa]
DBC/TMPMP 66 10.3+0.2 55+2 g5 5 1.0 1.0 37 2048 +20
DBC/PETMP 114 81+0.2 46+1 92 11 15 13 50 1937 + 266
DBC/DiPETMP 298 5.6+0.3 35+1 90 12 1.8 16 61 1939+88
BDA 4 17404 18%2 89 - - - 8316 1612+22

analysis (DMA), the investigation of the network den-
sity of highly cross-linked photopolymers is difficult. For
example, equilibrium swelling tests can only be applied to
slightly cross-linked polymers.??) For very homogeneous
networks, the cross-link density correlates with the glass
transition temperature and the storage modulus in the
rubbery state.['*]

A unique method to study network characteristics
is the double quantum (DQ) build-up NMR method.[?3]
This gives quantitative access to network density as well
as the fraction of non-network chains (DF), which are a
measure for nonreacted monomers, photoinitiator or its
cleavage products. Further details can be found in the
Supporting Information. In this study, DQ NMR has been
used to investigate the cross-link density of the thiol-yne
based photopolymers. It can be assumed that the net-
work density directly correlates with the functionality of
the applied thiol building blocks. The D, values (which
relate to the cross-link density) and the fraction of non-
network chains determined for samples DBC/TMPMP,
DBC/PETMP, and DBC/DiPETMP are given in Table 1. The
network of DBC/TMPMP shows the lowest cross-link den-
sity (4.6) followed by DBC/PETMP (7.0) and DBC/DiPETMP
(8.4). As these networks offer comparably high homoge-
neity, reflected by their narrow glass transitions indi-
cated by full widths at half maxima (FWHM) of 10°-22 °C
(Figure 2, left), the network density can also be estimated

1000 4

100 4§

o
o
=
i1}

T/°C

tan delta
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using the storage moduli in the rubbery state.*s! Consid-
ering the relative values of D,.; and the relative storage
modulus at 100 °C [Rel. E(100 °C)] (related to DBC/TMPMP
as shown in Table 1), only slight deviations between both
measurements can be found. In addition, the values of
the non-network fraction also correlate with the amount
of unreacted monomer, including photoinitiator residues
and cleavage products. These results clearly reveal the
advantage of DQ-NMR that allows the determination of
network density as well as the fraction of non-network
molecules in one single measurement. Interestingly, the
cross-link density exerts only minor influence on the
storage modulus (see Table 1). While all investigated poly-
mers exhibit storage moduli in the range of 1900-2100
MPa at 20 °C, the glass transition temperature increases
steadily from 37 °C (DBC/TMPMP) to 61 °C (DBC/DiPETMP)
with increasing cross-link density. In comparison, cured
BDA shows a broad glass transition that is explained by
the comparably inhomogeneous network showing its
maximum of tan delta at 83 °C and a storage modulus of
1612 MPa at 20 °C (see Figure S4, Supporting Information).

Moreover, it can be observed that the homogeneity
of the thiol-yne networks decreases with higher thiol
functionality as reflected by broader glass transitions.
Presumably, this behavior can be directly attributed to
the decrease in MC,. Polymerization above the gel point
seems to lead to a decrease in homogeneity.

Charpy Impact Strength / kJ*m?

1.

T T T
DBC/TMPMP DBC/PETMP DBC/DIPETMP BDA
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Besides a high modulus and glass transition tempera-
ture, an appropriate impact resistance that can be seen as
an indicator for toughness is an important prerequisite
for high performance polymeric materials. State of the
art photopolymers are rather brittle due to the evolution
of shrinkage stress during the fast radical chain growth
polymerization and their inhomogeneous polymeric
architecture, respectively. For example, BDA exhibits a
Charpy impact strength of only 3 kJ m™?, which seems to
be insufficient for applications that have to be capable
of absorbing a certain amount of energy. It is well docu-
mented that the addition of thiols to (meth)acrylates
results in an increase in toughness by changing the
polymerization mechanism from a radical chain growth
reaction to a mixed chain growth/step growth-like radical
polymerization.'*l However, this change goes along with
a decrease in cross-link density leading to a significant
reduction in the glass transition temperature. In contrast,
the thiol-yne networks provide impact strengths between
16-38 k] m? (see Figure 2, right) maintaining reason-
able glass-transition temperatures (37-61 °C). Notably,
highly cross-linked DBC/DiPETMP outperforms BDA sig-
nificantly in terms of modulus (BDA: 1612 MPa, DBC/
DiPETMP: 1939 MPa) and impact strength (BDA: 3 kI m?,
DBC/DiPETMP: 16 kI m?) and also offers a reasonable T,
of 61 °C. Interestingly, the polymerization of both resins
leads to comparable shrinkage stress values expressed
in Fy (BDA: 33 N, DBC/DiPETMP: 26 N). This fact suggests
that the difference in impact strength (factor of 5.3) is
not only caused by shrinkage stress, but rather through
network homogeneity playing an important role.

3. Conclusion

In conclusion, the network formation of thiol-yne resins
and their properties in the cured state were studied,
aiming for polymers that combine high thermomechanical
properties with appropriate toughness. The low-cytotoxic
alkyne monomer DBC was copolymerized with different
multifunctional thiocl building blocks and the network
properties of resulting polymers were compared with the
corresponding acrylate BDA. RT-NIR photorheology meas-
urements revealed high MC; for thiol-yne resins com-
pared to BDA, resulting in high monomer conversions
and low shrinkage stress, respectively. Important to note
is that the ;. decreases while shrinkage stress increases
with the functionality of the applied thiol. The photo-
reactivity of the thiol-yne resins in terms of t,, is in the
range of BDA. High photoreactivity and the delayed gel
formation explain the obtained high values of the overall
conversion (90%-95%). The T, of cured DBC/thiol formula-
tions increases proportionally with the network density,
which was studied by DQ solid state NMR spectroscopy,
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although the storage modulus remains at a similar level.
Most importantly, DBC/thiol based polymers outperform
BDA significantly in terms of impact strength. Despite sim-
ilar shrinkage stress, high cross-link density, and a glass
transition temperature above 60 °C, DBC/DIiPETMP pro-
vides a 5.3 times higher impact strength than BDA, which
can be explained by the unique network homogeneity of
thiol-yne photopolymers.
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ABSTRACT: Ester-free silane and siloxane-based thiol
mers were successfully synthesized and evaluated for applica-
tion in thiol-ene Polymerization reaction rates,
conversion, network properties as well as degradation experi-
ments of those thiol monomers in combination with triallyl-
1,3,b-triazine-2,4,6({1H,3H,5H}-trione (TATT) as ene component
were performed and compared with formulations containing
the commercially available mercaptopropionic ester-based thiol
pentaerythritol tetra-3-mercaptopropionate. Kinetic analysis
revealed appropriate reaction rates and conversions reaching
90% and higher. Importantly, storage stability tests of those
formulations clearly indicate the superiority of the synthesized

mono-

resins.

mercaptans compared with pentaerythritol tetra-3-mercapto-

INTRODUCTION Although the reaction of thicls with enes has
already been observed in 1905, it was not until the begin-
ning of the 1930s that this reaction was used for the fabrica-
tion of polymeric materials.”? Thiol-ene polymers are
formed by the stoichiometric reaction of multifunctional
enes and thiols via a multiple step radical mechanism after
thermal® or photochemical initiation.* In contrast to acrylate
polymerization, the thiol-ene polymerization follows a step
growth mechanism bringing unique properties to this inter-
esting class of materials® Polymerization shrinkage is low,
and high-impact strength materials can be achieved due to
the homogenous network structure. However, the most
salient feature of thiol-ene photopolymerization is that
almost any type of ene can be applied in this photoreaction.
Furthermore, it is important to note that oxygen inhibition
plays only a minor role due to efficient hydrogen abstraction
of peroxy radicals from thiols under the simultaneous forma-
tion of highly reactive thiyl radicals.® Besides these advan-
tages, two important issues have to be considered for thiol-

propionate/TATT resins. Moreover, photocured samples con-
taining silane-based mercaptans provide higher glass
transition temperatures and withstand water storage without a
significant loss in their network properties. This behavior
together with the observed excellent degradation resistance of
photocured silane-based thiol/TATT formulations make these
multifunctional
performance applications, such as dental restoratives and auto-

mercaptans interesting candidates for high-

motive resins. © 2015 Wiley Periodicals, Inc. J. Polym. Sci.,
Part A: Polym. Chem. 2016, 54, 418-424

KEYWORDS: mercaptans; monomers; photopolymerization; step-
growth polymerization; thiol-ene

ene systems. First, the characteristic odor of thiocl monomers
and second, the generally low glass transition temperature
(T,) of thiol-ene-based polymers, which can be attributed to
the rather flexible thioether linkages.7 For applications that
desire high moduli and high 7,'s such as dental restoratives
and automotive and aerospace resins, the low T, of thiol-ene
networks is a detriment.

One strategy to overcome this limitation is to use rigid ene
structures such as triallyl-1,3,5-triazine-2,4,6{1H,3H,5H)-tri-
one (TATT) or norbornene derivatives.>®? Also monomers
that are capable to form hydrogen bonds in the thiol-ene
network provide reasonable glass transition temperatures
together with excellent hardness and impact properties.’®

Another method for producing thiol-ene networks with high
T,s is to use multifunctional (meth)acrylate (co)monomers,
which can on the one hand copolymerize with the thiol (step
growth thiyl addition) and also homopolymerize (chain
growth mechanism).? However, the corresponding high

Additional Supporting Information may be found in the online version of this article.

© 2015 Wiley Periodicals, Inc.
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temperature glass transition regions of these systems are
broad compared with that of thiol-ene networks obtained by
pure step growth polymerization.

Besides the mechanical properties, other limitations of the
thiol-ene photopolymerization can mainly be attributed to
specific characteristics of the used multifunctional thiols. The
predominantly applied and studied thiols for thiol-ene curing
are esters of mercapto propionic acid, for example, trimethy-
lolpropane tri(3-mercaptopropionate] and pentaerythritol
tetra-3-mercaptopropionate (PETMP), and thioglycolates,
which are commercially available and offer superior reactiv-
ity compared with that of alkylthiols.™

The hydrolytic sensitivity of the ester groups reduces the
resistance of the cured polymeric materials toward acidic
and basic media, which is detrimental for high-performance
applications, such as dental restoratives and automotive res-
ins. The hydrolysis process deteriorates the mechanical prop-
erties over time and ultimately leads to mechanical
failure.>'* Further, the polarity of the ester group and its
affinity to water favor water absorption, which decreases the
mechanical performance by lowering the modulus, glass
transition, and strength.llL In principle, the formed thicether
groups in thiol-ene polymers are rather stable, and, there-
fore, it can be expected that formulations that contain persis-
tent monomers, that is, enes and thiols without hydrolytic
sensitive groups, lead to stable polymeric materials similar
to cationic cured epoxy resins.

Although there is a vast number of studies describing the
effect of different enes on the physicochemical properties of
thiol-ene polymers,*>Y7 there are only a few reports, which
deal with alternative thiol compounds and their impact on
the polymeric properties.ls‘lg Very recently, the group of
Bowman and coworkers'™® successfully demonstrated the
beneficial behavior of ester-free thiols based on the example
of tetra{2-mercaptoethyl)silane.

In this article, we studied several ester-free silane and
siloxane-hased thiol monomers for thiol-ene photopolymeri-
zation. A particular focus was set on the synthesis and appli-
cation of a multifunctional monomer bearing secondary thiol
groups. It is well reported that resins prepared from such
steric hindered mercaptans show improved shelf life stabil-
ity.” In this context, the photoreactivity and storage stability
of these monomers, in combination with TATT as ene compo-
nent were investigated and compared with those of PETMP/
TATT formulations. Moreover, also the mechanical properties
as well as the degradation behavior of the cured formula-
tions were determined, revealing the versatility of this class
of monomers.

RESULTS AND DISCUSSION

Synthesis

For the preparation of functional thiol compounds, several
reaction strategies are described in the literature.? 2% QOne
elegant and straightforward procedure exploits the radical

s
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SCHEME 1 Overview of the synthesized thiol monomers: {i)
HBr, —3 °C, 2 h. {ii} {1} thiourea, RT, 24 h; {2} agueous NaOH,
RT, 1 h.

induced thiol-ene reaction of thioacetic acid with functional
alkenes to give thioester derivatives that can be hydrolyzed
under alkaline or acidic conditions, yielding the correspond-
ing thiol compounds. This method has been applied for the
preparation of thiol-1 and thiol-2 (Scheme 1) starting from
tetraallylsilane and  2,4,6,8-tetramethyl-2,4,6,8-tetravinyl-
cyclotetrasiloxane, which gives reasonable yields of 75% and
45%, respectively. This reaction procedure is not suitable for
the synthesis of secondary thiol compounds because of the
anti-Markovnikov behavior of the radical induced addition of
thioacetic acid.

Consequently, a multistep reaction route has to be chosen
for the synthesis of thiol-3. In the first step, the jonic addi-
tion reaction of hydrogen bromide to tetraallylsilane was
exploited to give tetrakis(Z-bromopropyl)silane in a good
yield of 84%. Subsequently, this intermediate was converted
with thiourea to the corresponding isothiouronium salt,
which can be hydrolyzed with aqueous sodium hydroxide to
give thiol-3 in a moderate yield of 10%. The conversion of
alkylhalogenides to thiols by the aid of thicurea is well
known and represents a versatile
thicacetic-based reaction route.

alternative to the

The synthesized thiol was characterized by ", 3¢, and 2°si
NMR spectroscopies. The obtained data are in good agree-
ment with the proposed structures. The chemophysical prop-
erties of these compounds compared with PETMP are
depicted in Table 1. The silicon-based mercaptans exhibit
much lower viscosities as the commercially available PETMP
making these moncmers interesting candidates for the for-
mulation of UV-curable thiol-ene resins for low viscosity
applications in the printing and coating industry {e.g., ink-jet
printing). Although, thiol-2 shows a significant lower surface
tension (o =27 mN m 7} than the other measured mercap-
tans, which is mainly explained by the apolar siloxane ring,
no negative effect on the miscibility with the utilized ene
components, that is, TATT and triethyleneglycol divinylether
(TEGDVE), was observed. Furthermore, it has to be
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TABLE 1 Density (p), Surface Tension (g), Viscosity (), Time to Reach the Maximum Heat of Polymerization (.., Reaction

Enthalpy (AH), and Calculated Double Bound Conversion (DBC)

# (25 °C} (mPa s}

Thiol Monomer plgem™) s (MmN m™") (7 =300s7") tmax® (S} AR U g™ DBC? (%)
Thiol-1 1.10 44 50 1.6 420 99
Thiol-2 1.02 27 38 1.7 350 99
Thiol-3 1.07 36 b2 285 380 3
PETMP 1.28 48 450 1.0 330 90

 Corresponds to a formulation of 50 mol % of thiol and 50 mol % of TATT.

mentioned that the secondary thiol-3 had only little odor
compared with the other mercapto compounds.

Photoreactivity

It is well reported that thiols based on propionate esters and
glycolate esters result in higher reaction rates than conven-
tional alkyl thiols because of a weakening of the sulfur-
hydrogen bond by hydrogen bonding of the thiol hydrogen
group with the ester carbonyl. Rates of addition almost six
times greater have been found for the free radical addition
of methyl mercaptopropionate to 1-heptene than for penta-
nethiol to 1-heptene.?

The reactivity of the synthesized thiol monomers {in combi-
nation with TATT) toward polymerization after photoinitia-
tion has been investigated by photo-DSC, which represents a
unique method for the fast and accurate evaluation of the
curing behavior of UV-polymerizable resins®® Using photo-
DSC, various important parameters can be obtained with one
single measurement. The reaction time fp. is the time to
reach the maximum of polymerization enthalpy and reveals
information about the curing speed of the investigated sys-
tem. Furthermore, the double hond conversion (DBC) can be
calculated from the overall reaction enthalpy AH {peak area)
providing that the theoretical heat of polymerization {AHO,
p) is known. A straightforward method to obtain AHO, p is
to determine the DBC of photo-DSC cured samples by means
of ATR-IR and correlate this value to the heat released dur-
ing the photo-DSC experiment.?* In general, the determina-
tion of the DBC by means of photo-DSC is restricted to enes
that show no homopolymerization, which can be observed in
{meth)acrylate-bhased thiol-ene formulations.

Because of overlapping IR signals and the fact that the reac-
tion enthalpy for thiol-ene systems strongly depends on the
structure of the ene ({electron density), monofunctional
model thiol compounds, that is, octane thiol and butyl-
mercaptopropionate, were used to estimate AHO, p of the
thiol addition to TATT. In these experiments, the DBC was
determined by means of NMR spectroscopy after dissolving
the non-cross-linked thiol-ene adducts in CDCl;. For the
photoinduced  addition of octanethiol and  butyl-
mercaptopropionate to TATT, the theoretical reaction
enthalpy {AHO, p) was found to be 203 and 228 k] mol 7,
respectively. Interestingly, the structure of the thiol com-
pound {alkyl thiol vs. mercaptopropionic ester derivative)

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2016, 54, 418-424

also influences the overall reaction enthalpy. This fact was
considered for the calculation of the DBC of the synthesized
mercaptans thiol-1, thiol-2, and thiol-3.

It was found that thiol-1 and thiol-2 react almost quantita-
tively (see Table 1), whereas thiol-3 and PETMP yield con-
versions of 93% and 90%, respectively. Although, the
multifunctional mercapto propionic ester derivative PETMP
leads to the lowest measured DBC, it reached the maximum
of polymerization heat within 1 s. In comparison, the mono-
mers containing primary thiol moieties, that is, thiol-1 and
thiol-2, show t,,, values of 1.6 and 1.7 s, respectively,
whereas thiol-3 exhibits the slowest reaction rate
{tmax = 2.5 s). These measured values are in good accordance
with previously described reaction behaviors of thiol deriva-
tives.? The moderate reaction rate of thiol-3 can be
explained by the sterically hindered secondary mercapto
groups.

One possible explanation for the higher conversions of the
silicon-based thiols is their comparable low viscosities.
Although PETMP exhibits a viscosity of 450 mPa s, the vis-
cosity of the synthesized mercaptans is in the range between
40 and 50 mPa s. A lower viscosity leads to a higher mobil-
ity of the monomers during polymerization, which may
explain the superiority in terms of DBC despite lower
reactivity.

Storage Stability

One limiting factor of thiol-ene formulations is their poor
shelf life stability, preventing a broad application in the UV
curing and coating industry so far. The limited stability of
such resins may be due to a variety of reasons, including (1)
a base catalyzed addition of thiol to the ene double bond,
(2) the decomposition of peroxide impurities and subsequent
initiation of a thermal free-radical reaction, or {3) the spon-
taneous initiation of polymerization via the generation of
radicals through a ground-state charge-transfer complex
formed between the thiol and ene components in the mix
ture.” However, it is well reported that resins prepared from
steric hindered mercaptans, for example, secondary thiols
such as thiol-3, are superior in terms of shelf life stability.IG

Figure 1 shows the viscosity increase of resins containing
the synthesized thiols in combination with TATT as a func-
tion of time at a storage temperature of 50 °C. This
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FIGURE 1 Increase in viscosity of the investigated resins dur-
ing time of storage (50 °C). Solid line: PETMP/TATT, dashed
line: thiol-2/TATT, dotted line: thiol-3/TATT, and dot-dashed
line: thiol-1/TATT.

accelerated shelf life tests clearly reveal the inferiority of the
PETMP/TATT system, in which a viscosity increase of 100%
can be observed after 40 min of storage (50 °C). Interest-
ingly, the secondary (thiol-3) as well as the primary thiol
monomer (thiol-1) exhibit similar good stability under these
conditions, which is reflected by a minor viscosity increase
of approximately 25% after 300 min of storage time for both
thiol compounds. In contrast, formulations containing thiol-2
lead to an increase of 125% after 300 min. Although, the
observed stability behavior is, as expected, inversely propor-
tional to the measured reactivities (vide supra) of the investi-
gated thiol monomers, the absolute values clearly indicate
the superiority of the silane-based thiols, that is, thiol-1 and
thiol-3, over PETMP. Although the resin with thicl-1 shows
only a slightly lower t,., value (only a difference of 0.6 s,
see Table 1), the storage stability is far better than the for-
mulation prepared with PETMP

Mechanical Properties

The characterization of photocured thiol-ene networks has
mainly been focused on the structural parameters related to
ene flexibility in the past.>>2° Although there are some
reports describing the effect of different thicl monomers on
the cured network®'*!® most of them deal with mercapto
propionic acid derivatives such as PETMP, TMPMF, or penta-
erythritol tetrakis (mercaptobutylelte].2‘5'10 Basically, it is
well documented that thermal and mechanical properties
directly correspond to features inherent to the chemical
structure of the ene and thiol monomer. Furthermore, it has
been shown that the functionality of both types of mono-
mers influence the cross-link density and glass transition
temperature.”

For a detailed investigation of the effect of the different mer-
captane compounds on the network properties, a DMA analy-
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sis of cured resins prepared from TATT and the synthesized
thiols (1:1 ratio of molar functional groups) were performed
and compared with the network properties of a PETMP/
TATT-based polymer as shown in Table 2. The correspond-
ing storage moduli and tan delta versus temperature plots
are shown in the Supporting Information. In general, all
cured formulations show rather narrow tan delta peak
widths (T; 1/2 wiamn ~ 20-40 °C), which are characteristic
for step-growth systems.”

The networks containing thiol-1 and thiol-3 achieved notice-
able higher glass transition temperatures of 67 {(+1) °C and
67 (5] °C, respectively, compared with cured PETMP/TATT
samples (T, =61 (=1) °C). This result is in good accordance
with the findings of Podgorski et al. for a photocured
tetra{2-mercaptoethyl)silane /TATT exhibiting
also a higher glass transition temperature than the corre-
sponding PETMP/TATT sample. This behavior is explained
by the good cross-linking capability of silane-based multi-
functional thiols as well as the absence of ester moieties in
the fomulations.*

formulation

Furthermore, thiol-3 provides also the highest storage modu-
lus {thiol-3: 2.2 GPa and PETMP: 2.0 GPa at 25 °C) of the
investigated thiols in the glassy state.

The superiority of thiol-3-based networks can be assigned to
the hindered rotation of thiol-ether linkages afforded by the
additional «-methyl group of thiol-3. This behavior has also
been reported for secondary mercapto propionic ester-based
mercaptans previously.'® It is worth mentioning that this
outstanding performance of the investigated networks was
achieved without the use of excessively viscous resin
mixtures.

For many industrial and medical applications, the mechanical
performance of the materials after water storage is of signifi-
cant importance. Several studies of acrylate-based photopoly-
mers have shown a clear dependency between strength,
stiffness, hydrophilicity, and water uptake of the polymer. In
Table 2, the effect of water storage at room temperature of
the photocured samples on the moduli and the Ts is shown.
This treatment strongly deteriorates the network properties

TABLE 2 Storage Moduli and T,'s of Photocured Thiol/TATT
Resins Before and After Storage in Water for 24 h

T, CF E (GPa)*
Thiol Monomer Before After Before After
Thiol-1 67 (1) 67 (=1) 1.5 1.3
Thiol-2 58 (1) 60 (£2) 1.5 1.6
Thiol-3 67 (£5) 63 (£3) 2.2 2.1
PETMP 61 (+1) 42 (£1) 2.0 1.4

Values in brackets are standard deviations values.
® Determined at tan dmax.
® Storage modulus {E') measured at 25° C.
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resins (square: thiol-1/TATT; star: thiol-2/TATT; triangle: thiol-3/TATT; and diamond: PETMP/TATT). Right: thiol/TEGDVE resins
(square: thiol-1/TEGDVE; star: thiol-2/TEGVE; and triangle: thiol-3/TEGVE}).

of the PETMP-based polymers, whereas silane and siloxane-
based samples are only slightly influenced. The performance
of the PETMP/TATT significantly decreased after storage in
water. The storage modulus was lowered from 2.0 to 1.4
GPa, as well as the glass transition temperature dropped
from 61 (*1) to 42 (1) °C. Very recently, a similar deterio-
ration after water treatment has also been reported for
PETMP/TATT-based dental composite materials.®

Degradation Behavior

To investigate the hydrolytic stability of the synthesized thiol
monomers, the degradation behavior of cured polymer sam-
ples were evaluated under alkaline conditions {1 M NaOH)
at a storage temperature of 37 “C and compared with that of
the PETMP-based thiol-ene polymer. For that purpose, TATT
and TEGDVE were used as ene components. It is expected
that the hydrophilic ethylene glycol groups of TEGDVE facili-
tate a good penetration of water into the polymeric network,
which should increase the degradation rate of the thiol com-
ponent toward reasonable time scales.

In Figure 2, the decrease in weight of the cured polymer
samples during the immersion in 1 M NaOH solution {50 °C)
is depicted. Although samples of cured PETMP/TEGDVE fully
degrade within 15 h {not shown in Fig. 2), owing to the
hydrolytic sensitivity of the ester groups in PETMP, both
silane-based polymers show no significant loss of weight
even after a storage time of 15 days. Accordingly, cured
PETMP/TATT formulations also show a significant degrada-
tion of approximately 80 wt % after 50 days of storage,
whereas cured blends of TATT with thiol-1, thiol-2, and
thiol-3 remained stable. Interestingly, the thiol-2/TEGDVE
network also fully degrades under storage in sodium hydrox-
ide solution within 4 days, which is presumably caused by
the hydrolytic sensitivity of the Si—0 bond. In general,
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siloxane-based polymers such as PDMS are known to readily
undergo degradation reactions under alkaline conditions.?®

CONCLUSION

In this contribution, several ester-free silane and siloxane-
based thiol monomers were successfully synthesized and eval-
uated for an application in thiol-ene resins. Besides the reac-
tion behavior, that is, reaction rate and yield, of these
monomers in combination with TATT as ene component, also
the mechanical properties as well as the degradation behavior
of photocured samples were investigated and compared with
those of PETMP/TATT formulations. PETMP and thicl-2 yield
conversions of 90% and 93%, respectively, whereas the
silane-based thiol monomers, that is, thiol-1 and thiol-2, react
almost quantitatively. Moreover, the synthesized thiols showed
also appropriate reaction rates with reaction times (t,,.) in
the range of 1.6-2.5 s. The observed storage stability of the
thiol /TATT formulations is indirectly proportional to the
measured reactivities. However, a comparison of the stability
with the reaction behavior of the synthesized thiols with
PETMP clearly indicates the superiority of the silane-based
mercaptans. Although the resin with thiol-1 shows only a
slightly lower tua. value {0.6 s slower), the storage stability is
far better than the stability formulation prepared with PETME
Moreover, photocured samples containing thiol-1 and 3 pro-
vide higher glass transition temperatures compared with that
of PETMP/TATT resins. Thiol-3 offers the highest storage
modulus of the investigated thiols in the glassy state, which
can be assigned to the hindered rotation of thiol-ether link-
ages afforded by the additional «-methyl group. In addition,
ester-free thiol-ene networks were shown to withstand water
storage without a significant loss in the network properties
and also basic treatment for an extended amount of time.
This behavior, together with the excellent mechanical proper-
ties, makes silane-based thiol-ene formulations interesting

Wiley Online Library

78



JOURNAL OF Polymer
POLYMER sCIENCE ‘Chemistry

candidates for high-performance applications, such as dental
restoratives and automotive resins.

EXPERIMENTAL

Materials

All reagents were purchased from commercial sources and
were used without further purification. Irgacure TPO-L was
obtained from BASF. PETMP was donated by Bruno Bock.

Characterizatien

'H NMR and *C NMR spectra were recorded with a Varian
400-NMR spectrometer operating at 399.66 MHz and 100.5
MHz, respectively, and were referenced to Si{CHz),. A relaxa-
tion delay of 10 s and 45° pulse were used for acquisition of
the "H-NMR spectra. Solvent residual peaks were used for
referencing the NMR spectra to the corresponding values
given in the literature.”” 2°Si -NMR spectra were recorded on
a Varian INOVA 300 spectrometer (59.3 MHz).

The Photo-DSC experiments were performed on a NETZSCH
Photo-DSC 204 F1 Phoenix. All measurements were conducted
at 50 °C in aluminum crucibles under nitrogen atmosphere.
The Omnicure s2000 was used as the light source at 1
W cm 2. For the determination of the reaction enthalpy and
tmaw the samples (sample quantity: 8 mg resin containing 3
wt % of Irgacure TPO-L) were illuminated twice for 10 min
each. For the analysis, the second run was subtracted from
the first one to give the reaction enthalpy curve.

For the determination of the thermomechanical properties and
the degradation behavior of the photopolymers, sample speci-
mens with 2 X 4 X 19 mm and 2 X 4 X 5 mm rectangular
dimensions, respectively, were fabricated by curing the corre-
sponding resins (3 wt % of Irgacure TPO-L, E=4.5 ] cm™™)
in glass molds. The thermomechanical properties were meas-
ured in tension mode using a DMA/SDTA 861 (Mettler Toledo)
with a heating rate of Z K min~* in the temperature range
from —20 to 110 °C. The operating frequency was determined
at 1 Hz For comparison of the thiol formulations, the storage
modulus was evaluated at room temperature {25 °C), and the
glass transition temperature was determined at the maximum
of the tan & curve for each measurement.

Degradation tests were performed by immersion of the sam-
ple specimens in 1 M NaOH at 50 °C. During this test, the
sample dry weight was monitored.

The viscosity of the formulations was determined using an
Anton Paar rheometer (MCR-102, Graz, Austria) in a cone-
plate system setup with Titan cone (MK 22/60 mm, 0.5°)
with an opening angle of 0.5° and a diameter of 60 mm at a
shear rate of 300 s~ .

Synthesis

Silanetetrayltetrakis(propane-3,1-diyl}}
tetraethanethioate (1)

An amount of 100 g {1314 mmol, 10 Aq.) thicacetic acid and
25.25 g {131.3 mmol) tetraallylsilane were dissolved in
200 mL THF. After the addition of 1.08 g (6.6 mmol,
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0.05 Aq.) 2,2'-azobis{2-methylpropionitrile), the mixture was
heated to 65 °C and stirred overnight. The solvent was
evaporated, and the residue was dissolved in ethyl acetate
and extracted with 200 mL water, sodium hydrogen carbon-
ate, and brine. Afterward, the solvent was removed under
reduced pressure and the product was dried by azeotropic
distillation with toluene. The crude product was used for the
next reaction step without further purification.

Silanetetrayltetrakis{propane-1-thiol} (Thiol-1}

65.28 g (148.1 mmol) of 1 was dissolved in EtOH and cooled
to 0 °C. To this, 32 mL of 25% NaOH solution was added
and stirred overnight until complete conversion of the educt
(reaction progress by TLC ethyl acetate/cyclohexane 1:5).
The mixture was neutralized with HCl and extracted three
times with 200 mL toluene. The combined organic layers
were washed three times with 200 mL water and dried over
Na,50,. The solvent was removed under reduced pressure,
and the crude product was purified by Kugelrohr vacuum
distillation {300 °C, 2 mbar) to obtain the colorless liquid
product (24 g, 60%).

TH-NMR (8, 400 MHz, €DCl,, 25 °C): 2.51 {m, 8H, C-SH); 1.58
{m, 8H, C-C-SH); 0.63 (m, 8H, Si-C) ppm.

BC-NMR (8, 100 MHz, CDCl,, 25 °C): 28.65 (d, 4C, C-C-SH);
28.27(s, 4C, G-SH), 11.45 (s, 4G, Si-C) ppm.

2981-NMR (8, 59.3 MHz CDCls, 25 °C): 3.64 {s, Si) ppm.

Ethanethioic acid,-[(2,4,6,8-tetramethylcyclotetrasiloxane-
2,4,6,8-tetrayl)tetrakis(2,1-ethanediyl)] ester
2,4,6,8-tetramethyl-2,4,6,8-tetravinyl-cyclotetrasiloxane
23.7 g (0.069 mmel) of 2,4,6,8-tetravinyl-2,4,6,8-tetramethyl-
cyclotetracyclosiloxane, 26.2 g (0.343 mol, 5 Aq) thicacetic
acid, and 1.13 g 2,2"-azobis(2-methylpropionitrile) (6.88
mmel, 0.1 Aq) were dissolved in 110 mL anhydrous THF.
The mixture was refluxed under inert gas for 18 h until it
was cooled down to room temperature. The excess of solvent
and thicacetic acld was removed under reduced pressure.
The crude product was used for the next reaction step with-
out further purification.

TH-NMR: {5, 400 MHz, 25 °C, CDCly): 2.88 (m, 8H, CH,); 2.26
{m, 12H, -CH,); 0.89 (m, 8H, -CH,); 0.14 (m, 12H, -CH,) ppm.

2,4,6,8-Tetramethylcyclotetrasiloxane-2,4,6,8-
tetraethanethiol

2 was dissolved in 100 mL methanol and mixed with 16 mL
concentrated hydrochloric acid, degassed by bubbling with
nitrogen for 30 min, and hold on 60 °C for 10 h. In the next
step, 100 mL of water was added, and the mixture was
extracted three times with CH,Cl,. The combined organic
layers were washed with saturated NaHCOz; solution and
dried over Na,SO,. The crude product was purified by col-
umn chromatography (hexane:diethylether 3:2) and activated
carbon filtration to give a slight yellow liquid. Further a
Kugelrohr vacuum distillation was performed (300 °C, 2
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mbar) to obtain the slightly yellow liquid product {20 g
60%).

L-NMR (4, 400 MHz, 25 °C, CDCly): 2.62 (m, 8H, CH,); 1.54
{m, 4H, -SH); 0.99 (m, 8H, -CH); 0.14 {m, 12H, -CHz) ppm.

C.NMR (8, 100 MHz CDCls, 25 °C): 31.05 (d, 4C, C-Br);
27.92 (s, 4C, 51-C), 31.05 (s, 4C, C-CH,) ppm.

296i-NMR (4, 59.3 MHz, CDCI3, 25 °C): 22.20 (s, Si) ppm.

Tetrakis(2-bromopropyl}silane (3}

21.5 g {111.8 mmol) tetraallylsilane was dissolved in n-hex-
ane and cooled to —3 °C. Under constant stirring, 38.0 g
(469.7 mmol, 4.2 Aq.) gaseous HBr was introduced into the
flask, which was tightly sealed for 2 h. The excess of solvent
was removed under reduced pressure to obtain 54 g of the
product as a white solid, which was recrystallized from n-
hexane {50 g, 84%).

“H-NMR (3, 400 MHz, CDCls, 25 °C): 4.52 (m, 4H, C-Br); 1.82
{(m, 12H, C-CHz); 1.66 {m, 8H, Si-C) ppm.

BC.NMR (5, 100 MHz, CDCls, 25 °C): 3105 (d, 4C, C-Br);
27.92 (s, 4C, $1-C), 31.05 (s, 4C, C-CH;) ppm.

Silanetetrayltetrakis(propane-2-thiol} (Thiol-3)

25.0 g (48.4 mmol) 3 and 25.4 g {333.96 mmol, 6.9 Ag)) thi-
ourea were dissolved in 400 mL dry THF and refluxed for
24 h. Afterward, the reaction was cooled to room tempera-
ture and quenched with 50% NaOH. The mixture was stirred
for 1 h, neutralized with 5% HCl, extracted with 2-methoxy-
2-methylpropane, and dried over Na,S0,. The crude product
was purified by column chromatography (cyclohexane:ethyl
acetate 5:1) to give a colorless liquid (2.5 g 10%).

'H-NMR (4, 400 MHz, CDCl, 25 °C): 4.52 {m, 4H, C-Br); 1.82
(m, 12H, C-CHz); 1.66 {m, 8H, Si-C) ppm.

C.NMR (8, 100 MHz CDCls, 25 °C): 3105 (d, 4C, C-Br);
27.92 (s, 4C, 51-C); 31.05 (s, 4C, C-CH,) ppm.

2%6i-NMR (8, 59.3 MHz, CDCls, 25 °C): —1.49 (s, Si); 0.18 (s,
S§i); 1.22 (s, Si) ppm.
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Abstract

In this contribution, polymerizable hydroxyalkyl phenone (PI-4) and monoacylphosphine oxide (PI-9)
based photoinitiators (Pls) bearing alkyne groups were synthesized with the aim to realize low PI
migration together with high photoactivity in biocompatible vinyl carbonate/thiol resins. Although,
photo-DSC measurements showed that the initiation performance of PI-4 in the present formulation is
lower than the photoactivity of the reference Pl Irgacure 2959 (12959), it turned out that its migration is
significantly reduced compared to 12959. This fact is explained by the copolymerization of the alkyne
functionality via a thiol/yne reaction as revealed by real-time FT-IR measurements, leading to a covalent
immobilization of this Pl in the polymeric network. Most importantly, the alkyne functionalized
monoacylphosphine oxide based Pl provides almost similar initiation activity as its reference Pl Irgacure

TPO-L {TPO-L) while exhibiting 40% lower migration than the non-functionalized TPO-L. These findings
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make PI-4 and PI-9 promising candidates for their application in biocompatible vinyl carbonate/thiol

formulations, in which low migration of the Pl is desired.
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Introduction

Photopolymerization is a well-established and highly efficient method for curing of coatings and printing
inks. Over the last decade, the topic of UV-based 3D-printing has attracted the public interest, which is
obviously a result of its fascinating approach for smart manufacturing on demand.[1, 2] Its potential for
the design of patient-specific individualized implants, scaffolds or tissue engineering applications will
certainly change the future of modern implantology.[3-5] However, before UV light based 3D-printing
processes can be used routinely in reconstructive surgery, it is essential to overcome several limitations.
Beside the well-documented toxicity of commonly used acrylates,[6-8] also the migration of the applied
photoinitiators is a non-neglectable topic for the design of biocompatible materials. Although, there are
several reports on low-cytotoxic thiol-based monomer systems including vinyl carbonates/PETMP[9],
vinyl esters/PETMP[10] and alkynes/PETMP[2, 8, 11], only a limited number of publications deals with
the toxicity of commonly used photoinitiators[12,13] and their migration from 3D-printed medical
devices. C. G. Williams et al. reported on the biocompatibility of 12959 who investigated its tolerance
over a wide range of cell types and initiator concentrations, concluding that the hydroxy ketone
photoinitiator shows low cellular toxicity.[12] Very recently, Liska and co-workers investigated the
biocompatibility of water soluble hydroxy ketone and acylphosphine oxide based Pls, respectively. In
these studies, they could confirm the superiority of 12959 in terms of cell compatibility.[13] However, it
must be emphasized that cleavage or side products, which are generated during the illumination
process, were not taken into consideration. It is well known that the 4-(2-hydroxyethoxy)benzaldehyde,
which is one of the main cleavage products of 12959, is labeled as an irritant substance.[14] Based on
these findings, the necessity of the development of low migration derivatives of this type of
photoinitiator is the next logical step towards biocompatible materials for 3D-printing. There are only a
few strategies to prevent unfavored migration of non-reacted Pls or their cleavage products. Among

these, polymeric systems containing photoinitiating groups that are covalently bound to a
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macromolecular backbone are proposed exhibiting improved migration stability. Nevertheless, in most
cases, they suffer from low reactivity and poor compatibility with many resin systems.[15] Another
approach uses oligomeric photoinitiators which reduce the mobility of the noxious compounds by an
elevated molecular weight of the reactive species. Unfortunately, they usually lead to a significant
increase of the resin viscosity, which subsequently reduces the photochemical performance of the
investigated formulation.[16] Alternatively, an interesting approach is the introduction of polymerizable
photoreactive species to realize low migration behavior. The concept of these types of photoinitiators is
rather simple and it was published for the first time in the patent literature in 1961 by Du Pont.[17] In
general, the photoinitiating unit gets immobilized by its chemical liking to the polymer matrix. [14]
Consequently, the unwanted migration is reduced as the photoreactive species is covalently bound to
the polymer network and its diffusion processes are inhibited. Only a few scientific publications deal with
the topic of polymerizable photoinitiators and they mainly focused on the photochemical performance,
whereas the migration behavior is only discussed superficially.[18, 19] Most of these studies found that
polymerizable Pls show reduced photoreactivity, which can also be attributed to a reduced diffusion of
radicals or excited groups, as during polymerization the photoinitiator is immobilized on the growing
polymer chain.

Very recently, we studied the performance and migration behavior of benzophenone derivatives bearing
vinyl carbonate and alkynyl ester moieties in a low-cytotoxic butanediol divinyl carbonate/TMPMP
resin.[20] It turned out that these Pls offer high migration stability together with a decent initiation
performance in this thiol-ene system. This finding is explained by the step growth based network
formation that facilitates a high mobility of the excited benzophenones and the formed radicals below
the gel point, despite their functionalization with polymerizable groups. However, one general limitation
of benzophenone based Pls is their Norrish type Il initiation mechanism, which explains their lower
initiation performance compared to type | initiators. The cleavage of type | systems is much faster than

the electron and/or proton transfer of type Il systems.[21]
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Consequently, in this contribution we synthesized derivatives of the highly reactive type | Pls 1-295%9 and
Irgacure TPO-L (TPO-L) bearing polymerizable vinyl carbonate and propargyl ether groups and evaluated
their performance in vinyl carbonate/thiol formulations with the aim to realize biocompatible, UV
curable resins with low Pl migration in the cured state. Beside the provided synthetic pathways of these
novel substances the photochemical reactivity as well as the migration behavior of these compounds is

discussed extensively.
Results and Discussion

Synthesis

The photoinitiator Pl - 4 was synthesized via a multi-step reaction as shown in Scheme 1. In the first step,
an esterification of the phenol was performed to obtain 1 in good vyields (97%). Afterwards, 1 was
converted to 2 (83%) by a Fries rearrangement [22] using AICL as a catalyst. The hydroxyketone
derivative 3 was obtained by the bromination of 2 and subsequent reaction with NaOH in decent yield of
61%.[23] This compound was used as a precursor molecule for the synthesis of the photoinitiators Pl -4,
which could be obtained by an etherification of 3 under basic conditions with propargyl bromide in a

yield of 68%.

OTC.)O‘\I/ y @:O\H)\

AICL,

2 ) NaOH

Scheme 1: Synthesis of the photoinitiator Pl — 4,

87



The phosphine oxide derivative PI-9 was synthesized in a straightforward four-step procedure as
depicted in Scheme 2. As a starting point, the commercially available Irgacure TPO-L was converted with
sodium iodine to the corresponding salt 5, which was isolated by filtration in an excellent yield of 90%.
This reaction step was followed by the generation of the phosphine acid derivative 6 under acidic
conditions, which was dried by an azeotropic distillation before the crude product was purified by
recrystallization in toluene (78%). The obtained phosphine acid derivative was reacted at elevated
temperatures (110°C) with SOCI, in the presence of a catalytic amount of DMF to the corresponding acid

chloride,[24] which was converted into the alkyne derivative Pl - 9 (63%).

]
Q (l? Nal * 2H20 HQO/ H* S0Cl., DMF
p—0" -0 ——=
pH =1 Toluol

'U_

TPO-L
ool _ MO F', A
Eth Toluol
7 PI-Q

Scheme 2: Synthesis of the photoinitiator PI - 9.

UV-Vis Spectroscopy

The absorption of electromagnetic radiation is a key factor for the reactivity of photo initiating systems.
To achieve satisfying curing behavior of an investigated resin and to obtain high quantum yields the
emission spectrum of the applied light source has to match the absorption maximum of the
photoinitiator. Especially in the case of pigmented systems or the presence of photoactive additives
phenomena like an inner filter effect, light scattering or photo quenching reactions have to be taken into

consideration.[25]
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Figure 1: Absorption spectra of the synthesized photoinitiators and the commercially available reference
substances (1.0 mM in acetonitrile); left: 12959 {solid line), Pl — 4 (dotted line); right: TPO-L (solid line),

Pl -9 (dashed line).

The UV-VIS absorption behavior of the synthesized Pls was determined by UV-VIS spectroscopy and

compared to 12959 and TPO-L. It is well known that the a-cleavage occurs mainly from the triplet state of
the excited n- n*transition and that 12959 shows a maximum for this transition in the range of 325 nm.
As shown in Figure 1 (left) PI-4 provides a similar absorption behavior in this region. Interestingly, the
alkyne functionalized Pl offers an appreciably higher molar extinction coefficient than 12959 at 325 nm
(g, shown in Table 1). The monoacylphosphine oxide based Pls TPO-L and 12959 show the maxima of the
n-1t * transition of the carbonyl moiety at ¥~372 nm. Compared to Pl —4 and 12959, a strong shift of the n-
n* transition can be observed, which can be explained by the overlap of the d-orbitals of phosphorus
with the n*-orbitals of the C=0 group, thus reducing the necessary energy for the n- * transition, which

is responsible for the radical generation.[26] It has to be mentioned that the derivatization of TPO-L also

leads to a slightly increased € for the n- * transition as shown in Table 1.
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Table 1: Molar extinction coefficients of maxima of the synthesized Pls.

Pl ‘ Amax [NM] | £ [dm® mol™ em™]
12959 325 2912+ 70
Pl-4 325 1953 + 56
TPO-L 372 2215+ 62
PI-9 372 2538 £ 63
Photoreactivity

The photochemical performance of the synthesized photoinitiators was characterized by means of photo
differential scanning calorimetry (photo-DSC) measurements. Important parameters which can be
obtained by photo-DSC measurements are the time to reach the maximum heat of polymerization (t;,a.)
and the maximum heat flow (Peak,.). In combination, these parameters give information about the
curing speed of the investigated system.[4] Furthermore the overall reaction enthalpy (AH, peak area) is
proportional to the monomer conversion. Due to the fact that homopolymerization reactions cannot be
excluded in these BuVC/TMPMP. formulations, an exact calculation of the monomer conversion
exploiting the standard reaction enthalpy of the thiol-vinyl carbonate addition reaction is not feasible.
However, assuming that the degree of homopolymerization is independent of the used PI, the overall
reaction enthalpy provides a relative measure for the monomer conversion for the tested Pls in this
thiol-ene system: Within the group of the hydroxy ketone photoinitiators, a reduced reactivity of the

alkyne functionalized Pl was observed as revealed from the photo-DSC plots as shown in Figure 2.
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Figure 2: Photo-DSC plots of BuVC/TMPMP containing 5 mol% of 12959 (solid) and 5 mol% of PI-4
(dashed).

Besides the curing performance (.« +32%; peak height -56%), also the conversion {-32%) is noticeable
decreased compared to a formulation containing 12959 (as shown in Table 1). Presumably, the additional
propargyl ether moiety in the proximity of the aromatic system of Pl-4 influences the efficiency of radical
generation upon UV irradiation.

Most importantly, the alkyne functionalized monoacylphosphine oxide based PI provides almost identical
initiation performance in terms of t, . (+10%) and Peak,,, as the reference Pl TPO-L (Figure 3 and Table
2). Interestingly, PI-9 (310 J/g) exhibits an even slightly higher AH than TPO-L (285 J/g). Apart from a

higher monomer conversion, the heat of polymerization of the additional alkyne functionality has to be

considered for PI-9.
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Figure 3: left: Photo-DSC plots of BuVC/TMPMP containing 5 mol% of TPO-L (solid) and 5 mol% of PI-9
(dashed). Right: Photo-DSC plots of BuVC/TMPMP containing 1 mol% of TPO-L (solid) and 1 mol% of PI-9

(dashed).

In Figure 3, the polymerization heat evolution of BUVC/TMPMP containing 1 mol% of PI-9 and TPO-L,

respectively, is shown. Also at lower concentrations,; PI-9 provides a similar photoactivity as TPO-L

Moreover, at this concentration, both initiators offer an only slightly decreased curing performance (t;.,

Peak,,.., see Table 2) compared to in the concentration of 5 mol%.

Table 2: Photopolymerization parameters obtained by Photo-DSC.

trax Peaknax AH
Photoinitiator

[s] [mW/mg] [/gl
12959 (5 mol%) 1.9 52 280
PI-4 (5 mol%) 2.5 23 190
TPO-L (5 mol%) 2.0 51 285
TPO-L (1 mol%) 1.9 48 320
P1-9 (5 mol%) 2.2 51 310
PI-9 (1 mol%) 2.1 48 300
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Investigation of alkyne group conversion by RT-FT-IR spectroscopy

Real-time Fourier transformed IR spectroscopy (RT-FT-IR), a versatile tool to follow chemical group
transformations during UV illumination, enables comprehensive kinetic studies of photopolymerization
reactions. Consequently, the conversion of the alkyne functionality of PI-4 and PI-9 was investigated to
prove the incorporation of those Pls into the polymer network during the photochemical reaction as

shown in Scheme 3 on the example of PI-4.
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via Thicl-yne reaction

OH
Scheme 3: Incorporation of PI-4into the thiol-ene network during photopolymerization.

These kinetic studies were facilitated by the distinctive and isolated signal of the terminal alkyne groups
(C-H stretching) which appears in the region of 3250-3330 cm™. As shown in Figure 4, the alkyne
functionalities of both Pls, i.e. PI-4 and PI-9, show similar reaction rates and almost quantitative
conversion. The chemical linking of the Pls leads to an immobilization of non-reacted PI-4 and PI-9 and
also its alkyne functionalized Pl fragments in the polymeric network. The fragmentation of the reference

Pls 12959 and TPO-L was studied in detail by Jockusch[27] as well as Kolczak[28] and coworkers. It is

11

93



worth mentioning that due to the fragmentation mechanism of these type | Pls, the formation of

leachable acetone (PI-4) and 2,4,6-trimethylbenzaldehyde (PI-9) can be expected.

100—-
80—-
60—-
40

20+

Conversion of alkyne groups

T T T 1
2 3 4

Time / min

< .-.-

Figure 4: Conversion of alkyne ether groups of 4a (red circle) and 9b (black square) during UV
illumination.

Migration studies

To characterize the migration behavior of non-converted photoinitiators, samples of cured resin were
immersed in ethanol at 50°C for 96h. The quantification of 12959 and PI-4 was performed using GC-MS
analysis. Using this technique a significant concentration of 12959 (26.8% of the applied PI, as shown in
Figure 5) was found in the ethanolic extract. In contrast, the concentration of PI-4 is below the detection
limit (0.15 pg/ml) of this method and also none of its cleavage products could be detected. These
findings is in good accordance with the performed RT-FT-IR measurements (vide supra), which revealed
an almost quantitative incorporation of PI-4 in the polymeric network. In order to determine phosphorus
containing leachables in the ethanolic extract, ICP-MS measurements were performed, which enable the
quantification of the monoacylphosphine oxide based Pls TPO-L and PI-9. Besides both compounds, also

possible phosphorus containing cleavage products are detected by this method. Interestingly, the
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amount of the measured phosphorus in the sample derived from PI-9 (depicted in Figure 5) was
significantly higher (corresponding to 15.6% of applied PI-9), than it was expected from FT-IR
measurements. This finding might be attributed to a partial fragmentation of the P-O bond in PI-9, which
has not been reported for TPO-L so far and which is currently a topic of further investigations. However,
compared to the sample derived from TPO-L, in which 25.7% of the applied phosphorus.in TPO-L was

detected, a considerable lower migration of phosphorus-containing compounds could be found.

fraction of migrated P1/ %

12859 Pl-4 TPO-L Pl-9

Figure 5: Results of migration studies.

Conclusion

In this contribution, alkyne functionalized hydroxyalkylphenone (PI-4) and monoacylphosphine oxide (PI-
9) based Pls, respectively, were synthesized and their photoinitiation performance and migration
stability were evaluated in a vinyl carbonate/thiol formulation. Although, photo-DSC measurements
showed that the curing performance (t,.. +32%; peak height -56%), as well as the conversion (-32%) of
vinyl carbonate/thiol mixtures containing P-4, are lower than those of formulations containing the
reference Pl 12959, it turned out that the migration of this Pl is significantly reduced compared to 12959.
The concentration of this PI-4 in the extract was found to be below the detection limit (0.15 pg/ml),
while 26.8% of the applied 12959 could be detected after extraction. Most importantly, the alkyne

functionalized monoacylphosphineoxide based Pl provides almost identical initiation activity in terms of
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tyax and Peak,,.. as the reference Pl TPO-L. The quantification of PI-9 and its reference TPO-L in the
ethanolic extract was performed by the determination of the overall phosphorus content using ICP-MS,
which does not only detect the PI, but also its cleavage products. From these measurements, it was
found that 15.7% (including phosphorus containing cleavage products) of the applied PI-9 were
extracted. Since FT-IR measurements showed an almost quantitative conversion of the alkyne bond
during photopolymerization and thus an immobilization of PI-9 can be expected, the detected amount of
extracted PI-9 and its cleavage products might be attributed to a cleavage of the P-O bond during
photopolymerization or extraction. In comparison, 25.7% of the applied non-functionalized TPO-L could
be found in the extract. This fact, together with the high initiation activity of PI-9 makes this
monoacylphosphine oxide based Pl a promising candidate for an application in biocompatible vinyl

carbonate/thiol formulations, in which low migration of the Plis desired.

Acknowledgements
Financial support by the Durst Phototechnik GmbH is gratefully acknowledged. Furthermore, the authors
thank the Christian Doppler research association and the Austrian Ministry of Science, Research and

Economy (BMWFW) for financial support.

Materials
All chemicals were purchased from commercial sources (Sigma Aldrich, TCI Europe, VWR International,

Acros Organics, Bruno-Bock Thiochemicals or Carl Roth) and used without further purification.
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NMR

"H NMR and *C NMR spectra were recorded with a Varian 400-NMR spectrometer operating at 399.66
MHz and 100.5 MHz, respectively, and were referenced to Si(CHs),. A relaxation delay of 10 s and 45°
pulse were used for the acquisition of the 'H-NMR spectra. Solvent residual peaks were used for

referencing the NMR spectra to the corresponding values given in the literature.[29]

UV-Vis

UV-Vis spectra were recorded in absorbance mode, in the range of 200 nm - 800 nm with a Varian Cary
50 conc.-spectrophotometer. All substances were dissolved in MeCN and measured in Hellma QS
10.00 mm absorption cells with a spectral transmission between 200 nm and 2500 nm. All provided
spectra were measured at a concentration of 1.0 mM, except for the phosphine oxide initiators, which

were characterized at a concentration of 1.0 mM.

Photo-DSC

The Photo-DSC experiments were performed on a NETZSCH Photo-DSC 204 F1 Phoenix. All
measurements were conducted at 50°C in aluminum crucibles under nitrogen atmosphere. The
Omnicure s2000 was used as a light source providing an intensity of 0.5 W/cm’ at the tip of the light
guide: This correlates to a light intensity of approximately 40 mW/cm?” at the sample surface (measured
in the wavelength range from 250 to 445 nm using a Power Puck Il, EIT LLC, Sterling, Virginia, USA). For
the determination of the reaction enthalpy and t,,., the samples (sample quantity: 8 mg resin containing
5 mol% of the evaluated photoinitiator related to the monomers (this corresponds to 3.8 w% of 12959,
3.7 w% of PI-4, 5.5 w% of TPO-L and 5.3 w% of PI-9) or 1 mol% (corresponds to 0.76 w% of 12959, 0.74

w% of PI-4, 1.1 w% of Pl TPO-L and 1.1 w% of PI-9) were illuminated twice for 10 min each with an idle
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time of 2 min in between. For the analysis, the second run was subtracted from the first one to give the

reaction enthalpy curve.

Sample preparation GC-MS and ICP-MS

To obtain representative and reproducible values for the migration of the polymerizable photoinitiators
and to reduce the observational error of inhomogeneous illumination and inconsistent curing conditions
(oxygen inhibition, curing temperature etc.), 20 mg of all resin formulations were cured by Photo-DSC
under N, atmosphere and with a radiation intensity of 5 W/cm? The increased illumination intensity was
chosen to reach the highest possible monomer conversion of the investigated resins. The resulting
polymers were extracted with ethanol at 50°C for 96 h and continuous shaking. In a subsequent step, the
solvent was evaporated and the residue re-dissolved. in a defined volume of ethanol for the GC-MS
measurements. For the ICP-MS measurements, an acidic digestion of the extracts after solvent
evaporation was performed in a High Pressure Asher (HPA-S, Anton Paar), with concentrated HNO; at
240°C and a pressure of 120 bar for 60 minutes in an aqueous medium. For each photoinitiator, a

fourfold determination was performed.

GC-MS

Gas chromatography mass spectroscopy (GC-MS)

Analyses were performed using a Shimadzu QP2010 plus gas chromatography equipped with a mass
spectroscopy unit. The mass calibrations were performed according to the manufacturer
recommendation before sample analysis. The capillary column was an Optima 5-Accent (MS-5) (30 m x
0.25-mm i.d., 0,25-um film thickness). Helium was used as the carrier gas with a flow velocity of 47.2
cm/s. The initial oven temperature was 50°C for 1 min followed by a temperature-programmed increase
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of 10°C/min to 300°C. Split ratio (1:0) was used for sample injection of 1 pL volume at an injection
temperature of 300°C. The samples were analysed using both full scan and SIM modes. In SIM mode, the
characteristic ions of 121 and 181 were used for quantification of Irgacure 2959. For PI-4 the focus was

set on the ions 131, 159, 175.

ICP-MS

The phosphorus-containing samples were characterized by an Agilent 8800 Triple-quadrupole-ICP-MS,
after acidic digestion. The measurements were performed in a MS/MS-mode with oxygen as a reactive
gas. For external calibration 1000 mg/L™ CertiPur standards from Merck were diluted with water to the

desired concentration.

Synthesis:

Phenylisobutyrate (1)

50.00 g (1 eq., 0.531 mol) phenol was cooled in a flask to 0°C and 70.73 g (1.25 eEq, 0.664 mol) isobutyl
acid chloride was added dropwise. The mixture was held at 0°C for one hour and after that, it was
allowed to warm to room temperature. After two hours, remaining isobutyl acid chloride was removed

under reduced pressure to obtain the product as a yellow liquid (97.4% yield).

'H-NMR: (6, 400 MHz, 25°C, CDCL,): 7.28 (d, 2H, Ar); 7.22 (d, 1H, Ar); 7.09 (d, 1H, Ar); 2.81 (d, 1H, CH);

1.33 (s, 6H, -CHs) ppm.

BC-NMR (5, 100 MHz, CDCl,, 25 °C): 175.51 (1C, C=0); 150.94 (1C, Ar); 129.35 (2C, Ar); 125.63 (1C, Ar);

121.51 (2C, Ar); 34.17 (1C, C); 18.93 (2C, CH:) ppm.

1-(4-Hydroxyphenyl)-2-methylpropan-1-one (2)
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38.98 g (2.4 eq, 0.292 mol) AICl; were suspended in chlorobenzene at 0°C and was stirred at room
temperature for 45 min. 20.00 g (1 eq., 0.121 mol) of 1 were added dropwise and the reaction mixture
was stirred for two days. The reaction was stopped by the addition of ice and HCl and was extracted with
toluene. In the next step, the combined organic layers were extracted with saturated NaCl and the
solvent was removed under reduced pressure. The residue was suspended in 300 mL H;0 and the pH
was adjusted to 14 by the addition of 30% NaOH. The mixture was extracted with ethyl acetate and the
water phase was acidulated to a pH of O by the addition of HCl. After an extraction step with ethyl
acetate, the combined organic layers were dried over Na,5O, and the solvent was removed under

reduced pressure to obtain the product as a white solid (82.5% vyield).

"H-NMR: (&, 400 MHz, 25°C, CDCls): 8.1 (d, 2H, Ar); 6.7 {d, 2H, Ar); 5.35 (d, 1H, OH) 2.81 (d, 1H, CH); 1.33

(s, 6H, -CHs) ppm.

BC-NMR (8, 100 MHz, CDCls, 25 °C): 202.20 (1C, €=0); 162.54 (1C, Ar); 130.29 (2C, Ar); 129.4 (1C, Ar);

115.8 (2C, Ar); 35.00 (1€, C); 18.01 (2C, CHs) ppm.

2-Hydroxy-1-(4-hydroxyphenyl)-2-methylpropan-1-one (3}

21 g (1 Eq., 0.127 mol) of 2 were dissolved in dioxane and cooled to 0°C. 22.48 g (1.1 eq., 0.140 mol) Br;
were added and the mixture was stirred for 2h at room temperature. The reaction was poured into 500
mL water and extracted two times with ethyl acetate. In the next step, the solvent was removed under
reduced pressure and the brownish oil was suspended in 400 mL water. The pH of 14 was adjusted by
the addition of 20 mL NaOH (30%). The mixture was stirred at room temperature for 3h and
subsequently neutralized by the addition of HCIl. The slightly yellow crystals were filtered off and

recrystallized from toluene to obtain the pure product as white crystals (60.8% yield).

"H-NMR: (8, 400 MHz, 25°C, CDCl): 8.1 {d, 2H, Ar); 6.7 (d, 2H, Ar); 5.35 (s, 1H, OH) 3.28 (s, 1H, OH); 1.33

(s, 6H, -CH;) ppm
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BC-NMR: (6, 100 MHz, 25°C, CDCl): 198.59 (1€, C=0); 162.54 (1C, Ar); 132.69 (2C, Ar); 126.8 (1C, Ar);

115.25 (2C, Ar); 81.00 (1C, C); 28.70 (2C, CHs) ppm

2-Hydroxy-2-methyl-1-(4-(prop-2-yn-1-yloxy)phenyl)propan-1-one (Pl — 4)

0.21 g (2 eq., 23.99 mmol) NaH were added to a three necked round bottom flask and washed three
times with dry THF to remove the mineral oil. Afterwards, the NaH was suspended in DMF and the
reaction was cooled to -40 °C. The dissolved 3 (1.1 eq., 13.19 mmol) was added dropwise and the
mixture was stirred for one additional hour while the temperature was held between -40°C and -10°C.
Propargyl bromide (80% in toluene) (1 eq., 0.68 g) was added, the cooling bath was removed and the
reaction was stopped after 5h by the addition of ice cubes. Subsequently, the solvent was evaporated
under reduced pressure and the residue was redissolved in water and extracted three times with CH,Cl;.
The combined organic layers were dried over Na,S0y, to obtain the title compound as a white solid after

purification by flash chromatography (silica gel, cyclohexane / ethyl acetate=3:1) (68.1% yield).

'H-NMR: (8, 400 MHz, 25°C, CDCl,): 8.08 (d, 2H, Ar); 7.04 (d, 2H, Ar); 4.77 (s, 2H, CH,); 4.18 (s, 1H, OH);

2.56 (s, 1H, CH); 1.64 (s, 6H, CH).

BC-NMR: (6, 100 MHz, 25°C, CDCls): 202.60 (1C, C=0); 161.19 (1C, Ar); 132.27 (2C, Ar); 126.68 (1C, Ar);

114.48 (2C, Ar); 77.63 (1€, C); 76.30 (1C, =C); 75.93 (1C, =CH); 28.61 (2C, CH,).

Natrium phenyl(2,4,6-trimethylbenzoyl)phosphinate (5)

10 g of TPO-L (31.61 mmol) were dissolved in methyl ethyl ketone and Nal*2H,0 (5.9 g, 31.61mmol) was
added over a period of 15 min. The mixture was stirred overnight at 65°C. Then the yellow precipitate
was filtered off on the next day. It was washed twice with 10 ml n-hexane and dried under vacuum at
60°C for 24 h (90.1% vyield). The product was used in the following reaction step without further

purification.
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Phenyl(2,4,6-trimethylbenzoyl)phosphinic acid (6)

5(7.26 g, 23.3 mmol) was dissolved in H,0 and acidulated with 0.5 M H,50, to pH = 1. After a reaction
time of 1h white crystals were filtered off and washed twice with H,O. The precipitate was dissolved in
toluene and dried by azeotropic distillation, the remaining toluene was evaporated under reduced
pressure and the residue was recrystallized in ethyl acetate. Subsequently, the pale yellow crystals were

dried under vacuum at 60°C for 16 h (78.1% yield).

'H-NMR: (6, 400 MHz, 25°C, CDCL,): 7.71 (m, 2H, Ar); 7.63 {m, 1H, Ar); 7.52 (m, 2H, Ar), 6.85 (m, 2H, Ar),

2.24 (s, 3H, CHs), 2.07 (s, 6H, CHs).

BC.NMR: (6, 100 MHz, 25°C, CDCL): 215.74 (1C, C=0); 139.61 (1G, Ar); 136.20 (1C, Ar); 134.30 (2C, Ar);

132.96 (1C, Ar); 132.7 (1C, Ar); 128.28 (4C, Ar); 21.02 (1C;CHs); 19.13 (2C, CHs) ppm.

Phenyl(2,4,6-trimethylbenzoyl)phosphine chloride (7)

6 (1 eq., 1.73 mmol) was dissolved in 5 ml toluene. 5 pl DMF and 2.5 ml SOCI; (4.13 g, 34.69 mmol) were
added. The mixture was heated to 110°C for 16 h and the reaction progress was monitored by *"H-NMR.
After complete conversion of 4 the solvent and the excess of SOCl, was removed under reduced pressure

(98% yield).

'H-NMR: (5, 400 MHz, 25°C, CDCL.): 7.79 (m, 2H, Ar); 7.47 (m, 1H, Ar); 7.37 (m, 2H, Ar), 6.69 (m, 2H, Ar),

2.11 (s,3H, CHs), 1.99 (s, 6H, CHs).

2-Hydroxyethylvinylcarbonate (8)
Ethylene glycol (6.4 eq, 11.19 g, 180.26 mmol) and pyridine (1 eq., 2.27 mL, 28.17 mmol) were dissolved

in CH,Cl; and cooled to 0 °C. Vinyl chloroformate (3.0 g, 28.17 mmol, 1 Eq.) was added dropwise and

20

102



after one hour the reaction was warmed to RT and stirred overnight. The product was extracted three
times with 5% HCl and the combined organic layers were dried over Na,50,. Subsequently, the solvent
was evaporated under reduced pressure and the residue was purified by flash chromatography (silica
gel, cyclohexane / ethyl acetate = 4:1), to obtain the title compound 6 as a white viscous oil {54.0%

yield).

'H-NMR: (8, 400 MHz, 25°C, CDCl,): 7.07 (m, 1H, CH,); 4.94 (m, 1H, CH,); 4.58 (m, 1H, CH,); 4.51 (s, 1H,

OH); 4.32 (m, 2H, CH,), 3.87 (m, 2H, CH,).

BC-NMR: (6, 100 MHz, 25°C, CDCl): 152.82 (1C, C=0); 142.49 (1C, CH=); 98.02 (1C, =CH,); 69.78 (1C,

CH,); 60.50 (1C, CH,) ppm.

Prop-2-yn-1-yl phenyl(2,4,6-trimethylbenzoyl)phosphinate (P1 - 9)

7 (1 eq., 1.38 mmol) and propargyl alcohol {1 eq., 80 pl, 1.38 mmol) were dissolved in 20 mL CH,Cl,
cooled to 0°C. 190 pl (0.140 g, 1.38 mmol, 1 eq.) triethylamine was added to the mixture and the ice bath
was removed after 1 h and the reaction was stirred at RT overnight. On the next day the reaction was
stopped by the addition of water, extracted three times with CH,Cl; and dried with Na,SO,.
Subsequently, the solvent was evaporated under reduced pressure and the residue was purified by flash
chromatography (silica’ gel, cyclohexane / ethyl acetate=4:1) to obtain the title compound 2b as a

brownish viscous oil. (62.5% yield)

'H-NMR: (8, 400 MHz, 25°C, CDCl,): 7.85 (m, 2H, Ar); 7.59 {m, 1H, Ar); 7.48 (m, 2H, Ar), 6.81 (m, 2H, Ar),

4.69 (d, 2H, CH,), 2.49 (s, 1H, CH), 2.26 (s, 3H, CH), 2.15 (s, 6H, CHs).

BC-NMR: (6, 100 MHz, 25°C, CDCl,): 214.89 (1C, C=0); 140.29 (1C, AR}); 134.66 (1C, AR); 133.66 (2C, Ar);

133.10 (1C, Ar); 128.81 (4C, Ar); 76.44 (1C, =CH); 53.39 (1C, CH,); 21.29 (1C, CHs); 19.56 (2C, CHs) ppm

*P-NMR: (8, 100 MHz, 25°C, CDCls): 18.52 {s, P} ppm.

21

103



Acknowledgements

Financial support by the Christian Doppler Research Association, the Austrian Federal Ministry of

Science, Research and Economy (BMWFW), and Durst Phototechnik GmbH is gratefully acknowledged.

References

1.

Gorsche C, Seidler K, Knaack P et al. (2016) Rapid formation of regulated methacrylate networks
yielding tough materials for lithography-based 3D printing. Polym. Chem. 7(11): 2009-2014. doi:
10.1039/C5PY02009C

Oesterreicher A, Wiener J, Roth M et al. {2016]) Tough and degradable photopolymers derived from
alkyne monomers for 3D printing of biomedical materials. Polym. Chem. 7(32): 5169-5180. doi:
10.1039/C6PY01132B

Cooke MN, Fisher JP, Dean D et al. {2003) Use of stereolithography to manufacture critical-sized 3D
biodegradable scaffolds for bone ingrowth. J Biomed Mater Res B Appl Biomater 64(2): 65—69. doi:
10.1002/jbm:b.10485

Heller C, Schwentenwein M, Russmiiller G et al. (2011) Vinylcarbonates and vinylcarbamates:
Biocompatible monomers for radical photopolymerization. J. Polym. Sci. A Polym. Chem 49(49(3) //
3): 650-661. doi: 10.1002/pola.24476

Melchels FPW, Feijen J, Grijpma DW (2010} A review on stereolithography and its applications in
biomedical engineering. Biomaterials 31(24): 6121-6130. doi: 10.1016/j.biomaterials.2010.04.050
Andrews LS, Clary JJ (1986) Review of the toxicity of multifunctional acrylates. Journal of Toxicology

and Environmental Health 19(2): 149-164. doi: 10.1080/15287398609530916

22

104



10.

11.

12.

13.

14.

Friedman M, Cavins JF, Wall JS (1965) Relative Nucleophilic Reactivities of Amino Groups and
Mercaptide lons in Addition Reactions with a,p-Unsaturated Compoundsl,2 // Relative Nucleophilic
Reactivities of Amino Groups and Mercaptide lons in Addition Reactions with ao,-Unsaturated
Compounds 1,2. J. Am. Chem. Soc 87(16): 3672—3682. doi: 10.1021/ja01094a025

Oesterreicher A, Ayalur-Karunakaran S, Moser A et al. {2016) Exploring thiol-yne based monomers
as low cytotoxic building blocks for radical photopolymerization. Journal of Polymer Science Part A:
Polymer Chemistry. doi: 10.1002/pola.28239

Mautner A, Qin X, Kapeller G et al. (2012) Efficient Curing of Vinyl Carbonates by Thiol-Ene
Polymerization. Macromolecules Rapid Communications 33(23): 2046-2052. doi:
10.1002/marc.201200502

Mautner A, Qin X, Wutzel H et al. (2013) Thiol-ene photopolymerization for efficient curing of vinyl
esters. J. Polym. Sci. A Polym. Chem 51(1); 203-212, doi: 10.1002/pola.26365

Oesterreicher A, Gorsche C, Ayalur-Karunakaran S et al. (2016) Exploring Network Formation of
Tough and Biocompatible Thiol-yne Based Photopolymers. Macromolecular Rapid Communications.
doi: 10.1002/marc.201600369

Williams CG, Malik AN, Kim TK et al. (2005) Variable cytocompatibility of six cell lines with
photoinitiators used for polymerizing hydrogels and cell encapsulation. Biomaterials 26(11): 1211
1218. dei: 10.1016/j.biomaterials.2004.04.024

Benedikt S, Wang J, Markovic M et al. (2016) Highly efficient water-soluble visible light
photoinitiators. Journal of Polymer Science Part A: Polymer Chemistry 54{4): 473-479. doi:
10.1002/pola.27903

W.D. Davies, F.D. Jones, J. Garrett et al. (2001) Copolymerisable photoinitiators and water-based

UV-curable systems. Surface coatings international Part B: Coatings Transactions(84): 169242

23

105



15.

16.

17.

18.

19.

20.

21

22,

23.

24,

Klos R, Gruber H, Greber G (1991) Photoinitiators with Functional Groups. Part I. Polymer
Photoinitiators. Journal of Macromolecular Science: Part A - Chemistry 28(9):925-947. doi:
10.1080/00222339108054070

Lalevée J, Allonas X, Jradi S et al. (2006) Role of the Medium on the Reactivity of Cleavable
Photoinitiators in Photopolymerization Reactions. Macromolecules 39(5): 1872-1879. doi:
10.1021/ma052173k

Organic Polymers(GB925117)

Xiao P, Zhang H, Dai M et al. (2009) Synthesis and - characterization of 4,4
diacryloyloxybenzophenone. Progress in Organic - Coatings 64(4): 510-514. doi:
10.1016/j.porgcoat.2008.08.016

Yang J, Tang R, Shi S et al. (2013) Synthesis and characterization of polymerizable one-component
photoinitiator based on sesamol. Photochem Photobiol Sci 12(5):923-929. doi:
10.1039/c3pp00003f

Meinhart Roth, Daniel Hennen, Andreas Oesterreicher, Florian H. Mostegel, Stefan Kappaun,
Matthias Edler, Thomas Griesser Exploring Functionalized Benzophenones as Low-migration
Photoinitiators for Biocompatible Thiol/Ene Formulations

Ullrich G, Burtscher P, Salz U et al. (2006) Phenylglycine derivatives as coinitiators for the radical
photopolymerization of acidic aqueous formulations. Journal of Polymer Science Part A: Polymer
Chemistry 44({1): 115-125. doi: 10.1002/pola.21139

Briggs Tl, Dutton GGS, Merler E (1956) THE FRIES REARRANGEMENT OF PHENYL ISOBUTYRATE. Can.
J. Chem. 34(7): 851-855. doi: 10.1139/v56-113

E. Meneguzzo, G. Norcini, G. Li Bassi Process for the preparation of aromatic alpha-hydroxy
ketons{W02009135895)

R. Noe, E. Beck, M. Maase et al. Mono and Biacylphosphine derivatives(W003/0678785)

24

106



25.

26.

27.

28.

29.

Fouassier JP, Lalevée J (2012) Photoinitiators for Polymer Synthesis: Scope, Reactivity and Efficiency.
Wiley, Weinheim

Fouassier J-P (1995) Photoinitiation, photopolymerization, and photocuring: Fundamentals and
applications. Hanser; Distributed by Hanser/Gardner Publications, Munich, New York, Cincinnati
Jockusch S, Koptyug IV, McGarry PF et al. (1997) A Steady-State and Picosecond Pump-Probe
Investigation of the Photophysics of an Acyl and a Bis(acyl)phosphine Oxide: J. Am.-Chem. Soc.
119(47): 11495-11501. doi: 10.1021/ja971630c

Kolczak U, Rist G, Dietliker K et al. (1996) Reaction Mechanism of Monoacyl- and Bisacylphosphine
Oxide Photoinitiators Studied by 31 P-, 13 C-, and 1 H-CIDNP and ESR. J. Am. Chem. Soc.
118(27): 6477-6489. doi: 10.1021/ja9534213

Gottlieb HE, Kotlyar V, Nudelman A (1997) NMR Chemical Shifts of Common Laboratory Solvents as

Trace Impurities. J. Org. Chem 62(21): 7512-7515. doi: 10.1021/jo971176v

25

107






Publication VI

Oesterreicher, Andreas; Moser, Andreas; Edler, Matthias; Griesser, Heidi; Schlogl, Sandra;
Pichelmayer, Margit; Griesser, Thomas: Investigating Photo-curable Thiol-yne Resins for

Biomedical Materials submitted to: Macromolecular Materials and Engineering, on October
14, 2016.

109



Investigating Photo-curable Thiol-yne Resins for Biomedical Materials

Andreas Oesterreicher', Andreas Moser?, Matthias Edler?, Heidi Griesser™, Sandra Schldgl®, Margit

Pichelmayer®, Thomas Griesser'*

Chair of Chemistry of Polymeric Materials & Christian Doppler Laboratory for Functional and
Polymer Based Ink-let Inks, University of Leaben, Otto-Gldckel-Strasse 2, A-8700 Leoben, Austria

2Chair of Material Science and Testing of Polymers, University of Leoben, Otto-Glockel-Strasse 2, A-
8700 Leoben, Austria

*Devision of Oral Surgery and Orthodontics, Department of Dental Medicine and Oral Health, Medical
University Graz, Billrothgasse 4, 8010 Graz, Austria.

*Polymer Competence Center Leoben GmbH, Roseggerstrasse 12, 8700 Leoben, Austria

*corresponding author: Thomas Griesser, email: thomas.griesser@unileoben.ac.at, Tel. +43-3842-
402-2358

Abstract

This study deals with the investigation of photocurable thiol-yne resins covering several important
aspects for the production of medical devices by UV based manufacturing processes. In this context,
the performance of different low-toxic photoinitiators and stabilizers were evaluated in thiol-yne
formulations based on di(but-1-yn-4-yl) carbonate (DBC) and various multifunctional thiol
monomers. Photo-DSC measurements revealed that the conversion of all resin formulations is mostly
independent on the type and concentration of the applied photoinitiator, however, significant
differences in their curing speed were observed. It turned out that the migration of an alkyne
derivatized photoinitiator is significantly reduced while providing almost similar photoactivity as its
non-functionalized reference. Moreover, it was found that lauryl gallate and butylated
hydroxytoluene {BHT) lead to significant stabilization without affecting the overall photoreactivity.
Notably, the thermo-mechanical properties of the investigated photopolymers are only slightly
affected by water absorption. Using ester free thiols, water absorption could be reduced and
hydrolytically stable polymers were realized. These results highlight the versatility of the present

thiol-yne system for the production of medical materials by photopolymerization.
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Introduction

Recent developments of biocompatible photopolymers for UV based 3D printing of medical devices,
such as customized surgical and dental implants or prosthetics, have brought up several alternative
concepts to overcome the drawbacks of commonly used (meth)acrylates, which are associated with

high irritancy or even monomer cytotoxicity and material brittleness.">**

Besides vinyl carbonates
and —carbamates,™® also vinyl esters,®”® and several concepts involving thiol-ene chemistry have
demonstrated excellent biocompatibility and decent material properties.'>™* As recently
presented, also thiol-yne photopolymers are potential candidates for the production of medical
materials by UV based 3D printing technologies.'*"* Especially alkyne ethers and alkyne carbonates
show low monomer cytotoxicity, appropriate photoreactivity, high monomer conversions, as well as
excellent mechanical properties in their cured state. "'

For the production of medical devices, which are in direct contact with human tissue, especially in
the case of mucosa or blood, non-network bound components like photoinitiators (Pls) or their
cleavage products, but also residual monomers, stabilizers, degradation products or monomer
impurities are of major concern.’” Many of these components state health risks when released to the
human body by migration processes. Even when the monomer toxicity is low, migration of Pls can
still be a risk. From the wide range of available Pls, only few can be considered as benign in low dose.

Prominent examples are camphorquinone or Ivocerin which are used in dental applications.”®**

91921223 and Irgacure 819°>% have been used in biocompatible applications. A

Also, Irgacure 295
promising strategy to reduce photainitiator migration is the use of oligomeric,”® polymeric®® or
polymerizable photoinitiators.>”?*?° Unfortunately, oligomeric and polymeric Pls usually lead to a
significant increase of the resin viscosity, which subsequently reduces the photochemical
performance of the investigated formulation.

Besides the photoreactivity, the shelf-life of photoactive resins for 3D printing applications is of high
importance. The limited shelf-life stability of thiol-ene and thiol-yne based resins is one major

disadvantage for industrial applications.”" Reduced shelf-life stability is caused by dark reactions

including the spontaneous formation of radicals, peroxide impurities or base-catalyzed nucleophilic
2

111



addition of thiols to double and triple bonds.*® Several attempts have been made to suppress dark
reactions in thiol-based resins, which are associated with strong viscosity increase or even premature
gelation.**>**3" The addition of appropriate stabilizers, especially phenolic radical scavengers, with
or without the addition of acidic co-stabilizers showed the most promising results in the stabilization
of thiol-ene formulations.***® However, for the production of medical devices, also toxicological
aspects of those additives have to be taken into consideration.

Another important factor for photo-cured polymeric materials is their water absorption capacity,
which is associated with swelling and a decrease in the mechanical properties in terms of T,, modulus
and strength.® Especially polymers with high ester content, as it is the case for (meth)acrylates are
known for their high affinity to water.*? Recent efforts focused on the synthesis of ester free thiols to
reduce water susceptibility in thiol-ene photopolymers, in order to maintain their mechanical

properties in aqueous surroundings.'>?%%" 3

It has to be mentioned that ester moieties in thiol-yne
networks can be exploited for the realization of biodegradable materials as recently shown by our
group.'? In this case, the hydrolytic cleavage of the ester groups, which is triggered by basic or acidic
conditions, leads to a degradation of the polymeric materials via a surface erosion process.

In this contribution, we extended the investigations on thiol-yne polymers derived from alkyne
carbonate monomers, in order to consider aspects as the choice of the Pl and stabilizers as well as
the behavior of these polymers in aqueous solution, all of which are crucial factors for the realization
of medical devices. Several resin formulations based on di(but-1-yn-4-yl} carbonate (DBC) and the
commercially available mercapto propionic ester derivative pentaerythritol tetra(3-
mercaptopropionate) (PETMP, monomers are shown in Scheme 1) were prepared to assess the
performance of different photoinitiators and stabilizers in the given thiol-yne system. Furthermore,
the water absorption and its influence on the thermomechanical properties of cured resin samples

containing PETMP, dipentaerythritol hexa{3-mercaptopropionate) (DiPETMP) and tetra(3-

mercaptopropyl)silane (TMPS) were investigated.
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Scheme 1: Investigated monomers

In addition, the photoinitiator migration of the commercially available photoinitiator Irgacure 2959
and the recently presented polymerizable photoinitiator 2-hydroxy-2-methyl-1-(4-(prop-2-yn-1-
yloxy)phenyl)propan-1-one (Irg 2959mod) was studied. {insert DOl when available) Covering these
aspects, this paper gives insights into the challenges of the development of photocurable materials

for the fabrication of medical devices.

Experimental
Photo differential scanning calorimetry (Photo-DSC)

Photo-DSC experiments were performed on an NETZSCH Photo-DSC 204 F1 Phoenix. All
measurements were conducted at 50 °C in aluminum crucibles under nitrogen flow (20 mL*min’Y).
The Omnicure s2000 was used as a light source at 1 W*cm™ resulting in an intensity of 80 mW*em?
at the surface of the sample (range of wavelength was 250 - 445 nm). For the determination of the
reaction enthalpy and t.,, the samples were illuminated twice for 10 min, each with an idle time of
2 min in between (sample quantity: 8 £ 0.05 mg resin of DBC and stoichiometric amounts of PETMP
including the corresponding photoinitiator). For the analysis, the second run was subtracted from the

first one to obtain the reaction enthalpy curve.
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Viscosity measurements

Viscosity measurements were conducted on an Anton Paar rheometer (MCR-102, Graz, Austria) with
a cone-plate system setup with a titanium cone (MK 22/60 mm, 0.58°) having an opening angle of
0.58° and a diameter of 60 mm. The viscosity was monitored in an accelerated setup at 50 °C over 20

h at a constant shear rate of 300 s™.

Sample Preparation

For the determination of the thermomechanical properties of the photopolymers, sample specimens
with 1x5x25mm> (DMA), 1x5 x50 mm’ (Water absorption), 1x5x5mm’ (Degradation) and
1x 50 x 50 mm’ rectangular (Migration) dimensions were fabricated in PTFE moulds covered with a
glass slide or between two glass plates (Migration). The resin samples were photocured by a
Lighthammer 6 (Fusion UV Systerms) with a Hg bulb (5 passes each side, belt speed of 4 m*min™, 40%
light intensity, E = 3.8 J*cm’ followed by UV/thermal post-curing: 5 passes each side, belt speed of

4 m*min”, 40% light intensity and sample heated to 90 °C, E = 3.8 J*cm™).

Dynamic mechanical analysis (DMA)

The thermomechanical properties were measured by DMA in tension mode using a DMA/SDTA 861
(Mettler Toledo) with a heating rate of 2 K*min™ in the temperature range from -40 to 120 °C. The
operating frequency was determined at 1 Hz. For comparison of the polymer samples the storage
modulus was evaluated at 37 °C. The glass transition temperature was determined at the maximum

of tan delta.

Sample preparaticon for migration

Polymer samples of about 35 mg were extracted in 5 mL ethanol at 50 °C for 96 h. Formulations

consisting out of DBC/DIPETMP, containing 0.25 wt% and 1 wt% of either the photoinitiators Irg 2959
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or Irg 2959mod and 0.25 wt% of the stabilizer propyl gallate, were used. The extracts of the samples

were analyzed by GC-MS after removing the solvent and re-dissolving the residue in 1mL of ethanol.

Gas chromatography — mass spectroscopy (GC-MS)

The migration studies were performed on a Shimadzu QP2010 plus gas chromatography equipped
with a mass spectroscopy unit. The mass calibrations were performed according to the manufacturer
recommendation before sample analysis. The capillary column was an Optima 5-Accent (MS-5) (30 m
x 0.25-mm 1.D., 0.25-um film thickness). Helium was used as the carrier gas with a flow velocity of
47.2 cm/s. The initial oven temperature was 75 °C for 2 min followed by a temperature-programmed
increase of 20°C/min to 250°C and subsequently 10°C/min to 300°C. The splitless mode was used for
sample injection of 1 L volume at an injection temperature of 300°C. The samples were analyzed
using both full scans and SIM modes. In SIM mode, the characteristic ions of 121 for Irg 2959 and 131
for Irg 2959mod respectively cleavage products were used for quantification. MS-Method: Electron

energy: -70 eV, lon Source Temp: 300 °C, Interface Temp: 300 °C.

Water absorption

For the evaluation of water absorption samples were immersed in deionized water. The sample

weight was determined after samples were dried with paper towels.

Degradation

For the evaluation of the hydrolytic degradation behavior, the corresponding specimens were
extracted in ethanol for 48 h and subsequently immersed in 1 M NaOH at 50 °C while the sample vial

was continuously rotated. The sample dry weight was monitored over the test period.
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Materials

2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure® 2959) (Sigma Aldrich, 98%), 2,6-
di-{tert-butyl)-4-methylphenol (BHT) (Sigma Aldrich, 99%), 4-methoxyphenol (MEHQ) (Sigma Aldrich,
99%), pyrogallol (Sigma Aldrich, 99%), diisooctylphosphinic acid (DIOPA) (Sigma Aldrich, 90), 4-
hexylresorcinol (Sigma Aldrich, 98%), propyl gallate (Sigma Aldrich, 98%), lauryl gallate (Sigma
Aldrich, 99%), o-tocopherol (Sigma Aldrich, 96%) were used as received. Ethyl(2,4,6-
trimethylbenzoyl) phenylphosphinate (Irgacure® TPO-L), diphenyl{2,4,6-trimethylbenzoyl)phosphine
oxide (Irgacure® TPO), bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (Irgacure® 819) were
donated from BASF. Bis-{4-methoxybenzoyl)diethyl germane (lvocerin®) was donated from Ivoclar
Vivadent AG. Dipentaerythritol hexa(3-mercaptopropionate) (DiPETMP) and pentaerythritol tetra(3-
mercaptopropionate) (PETMP) were donated from Bruno Bock Chemische Fabrik GmbH & Co. KG.
Tetra(3-mercaptopropyl)silane (TMPS) was synthesized according to the literature.”” DBC was
synthesized as described elsewhere.* 2-Hydroxy-2-methyl-1-(4-(prop-2-yn-1-yloxy)phenylipropan-1-

one (Irg 2959mod) was synthesized as recently reported. (insert DOl when available)

Results and Discussion

Investigation of different photoinitiators in a DBC/PETMP formulation

Photoinitiators are an indispensable component of photoreactive resins, which are responsible for
the initiation of the polymerization reaction. The activity of photoinitiators in terms of curing speed
and obtainable conversion depends on several parameters including the resin viscosity,”® the
structure of the monomers,” the ability of UV-light absorption,* the triplet lifetime of the excited

photoinitiator* and the concentration of the PI.

In this study, several low cytotoxic photoinitiators have been evaluated in the biocompatible
DBC/PETMP system with the aim to obtain maximum monomer conversion and curing speed, which
are two very important parameters that have to be considered for biomedical applications as they

7
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determine the fabrication speed and the amount of leachable monomers in the built medical device.
Beside the well-known photoinitiators mono- and bisacylphosphine oxides Irgacure 819, Irgacure
TPO and Irgacure TPO-L, also Irgacure 2959, Ivocerin and an alkyne functionalized alpha-hydroxyalkyl
phenone based Pl {Irg2959mod) were tested in this formulation {see Scheme 2). The alkyne group of
Irg2959mod facilitates copolymerization with the resin via a thiol-yne reaction and therefore,
immobilization of the photoinitiator or some of its cleavage products in the polymeric network,
anticipating reduced migration behavior. Moreover, camphorquinone was evaluated, however, in

absence of a coinitiator due to the presences of abstractable hydrogens of thiol groups.

o Q o o
OH ca
ST T //\oﬁ* gogaol
=
hoce

Irg 2959 Irg 2859mod rin

Irg 810 Camphorguinone TPO TPO-L

Scheme 2: Investigated photoinitiators

In these experiments, different Pl concentrations between 0.25 and 3 wt% were added to the
stoichiometric DBC/PETMP resin formulations and their photoactivity was characterized by photo
differential scanning calorimetry (photo-DSC). This method has become a prominent tool to
characterize photopolymerization reaction by time-dependently measuring of the generated
polymerization heat. The time to reach the maximum of the reaction enthalpy (t...) in combination
with the peak height (h) is a measure of the reaction speed, while the peak area (delta H) is

proportional to the overall monomer conversion.

The results are depicted in Figure 1. It has to be mentioned that Irg 819 was not soluble in

concentrations higher than 1 wt%. Camphorquinone is not shown in Figure 1 as it revealed very weak
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curing performance, even at 3wt% (t...=28s, delta H =—375ng'1, h=3,9 mW). In general, Pls
based on a Norrish type Il initiation mechanism show lower initiation performance compared to type

| initiators. The cleavage of type | systems is much faster than the electron and/or proton transfer of

type Il systems.”
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Figure 1: t,,.,, peak height h and peak area {delta H) of investigated photoinitiators in a DBC/PETMP formulation.

The monomer conversions (expressed by delta H) did not change significantly for all investigated
photoinitiators, nevertheless, differences in their reactivity are evident as seen in Figure 1. The curing
speed (expressed by the peak height and t...) of Irg TPO-L, Irg 2959 and Irg 2959mod depend on
their employed concentration. A decrease of t.. and an increase of the peak height h can be
observed for lower concentrations. For all three Pls, a minimum concentration of 1 wt% seems to be
appropriate to achieve acceptable performance. In contrast, lvocerin and Irg 819 showed a high
reactivity that was comparable to the acylphosphine oxides and almost no dependency on the
applied concentration. Irg 2959 and Irg 2959mod showed the lowest reaction speed (revealed by
overall lower peak heights and higher t,,.,,) compared to all other investigated photoinitiators, a fact
that has been also observed in acrylate systems.”® Between Irg 2959 and Irg 2959mod no significant

difference in terms of photoreactivity was observed.
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Migration Analysis

Although DBC showed low monomer cytotoxicity in previous studies, the toxicity of photoinitiators or
their cleavage products must not be neglected.*® Consequently, the migration behavior of the alkyne
functionalized Pl Irg 2959mod was studied and compared to its non-derivatized reference Irg 2959. In
these experiments, samples of cured resin containing 0.25 wt% and 1wt% PI, respectively, were
immersed in ethanol at 50°C for 96h. The quantification of Irg 2959mod and Irg 2959 was performed
using GC-MS analysis. Using this technique a significant concentration of Irg 2959 (between 6 - 7.5%
of the initial concentration as shown in Figure 2) was found in the ethanolic extract. In contrast, the
concentration of Irg 2959mod is approximately ten times lower for 0.25wt% compared to Irg 2959.
Most importantly, after extraction of networks containing 1 wt% of Irg 2959mod, its concentration in
the extract was below the detection limit {LOD) (0.5 ug*mL’l) of the used method. The higher
migration at a concentration of 0.25 wt% can be explained by the reduced photoactivity of these
alpha-hydroxyalkyl phenone based Pls at lower concentrations. Reduced initiation performance can
lead to a lower conversion {particularly in thick samples) and slighter cross-linked networks in which

the diffusion of Pl molecules is increased.
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Figure 2: Fraction of extracted amounts of photoinitiator Irg 2959 and Irg 2959mod related to initial amounts in
DBC/DIPETMP formulations.
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Additional focus was set on the detection of Pl cleavage products. Besides acetone, which was not
considered in these studies due to its low toxicity, 4-(2-hydroxyethoxy)benzaldehyde is the main
cleavage product of Irg 2959 as reported in the literature.” Assuming only little influence of the
propargyl ether substituent on the cleavage behavior, we expected 4-(prop-2-yn-1-
yloxy)benzaldehyde as the major cleavage product of Irg 2959mod. To underline this hypothesis, Irg
2959 and Irg 2959mod were illuminated and the obtained products were analyzed by GC-MS. In both
cases, signals which correspond to the mass of their expected cleavage products, ie. 4-(2-
hydroxyethoxy)benzaldehyde (m/z=121) and 4-(prop-2-yn-1-yloxy)benzaldehyde (m/z=131), were
detected. Interestingly, both cleavage products could only be found in very low concentration —

below the LOQ (1.5 pg*mLY) of the method - in the corresponding ethanolic extracts.

Storage Stability and Stabilizers

Shelf-life stability of UV curable resins is a key requirement for many industrial applications. Very
recently, it could be shown that the usage of pyrogallol in combination with appropriate phosphonic
acids sufficiently suppresses occurring dark reaction in thiol-based resins.®® For the production of
medical devices, however, also toxicological aspects have to be taken into consideration as usually
stabilizers are not chemically bound to the polymer matrix and can, therefore, migrate out of the
device and interact with the human body. Taking this fact into account, this study focused on
hydroxybenzene based stabilizers which are used in the food industry including propyl gallate,®

* 4-hexylresorcinol,” a-tocopherol” and butylated hydroxytoluene (BHTI® (see

lauryl gallate,
Scheme 3). The relative stabilization efficiency of these phenolic antioxidants on the DBC/PETMP
formulation was evaluated by determining the viscosity increase on a cone-plate rheometer under
continuous rotation at 50 °C (accelerated stability tests). Moreover, their efficiency was compared to

the hetero-synergistic system pyrogallol/diisoctylphosphinic acid (DIOPA) and hydroquinone

monomethyl ether (MEHQ).

11
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Scheme 3: Investigated stabilizers.

In these experiments, the stabilizers (in concentrations of 0.25 or 0.5 wt%) were mixed with a
stoichiometric formulation of DBC/PETMP containing 3 wt% TPO-L. For comparison, the viscosity

increase after 20 h is depicted in Table 1.

Table 1: Viscosity increase after 20 h of investigated stabilizers including t,..,, delta H and h from photo-DSC
measurements.

Concevr:’::/itlon/ Vlzt;:::t;c;nhc;e;se t,./s delta H/J*g'1 h/mwW
nen stabilized - 278 2.4 -550 -88
Propyl gallate 0.25 121 2.4 -540 -79
Propyl gallate 0.5 76 2.4 -560 -79
Lauryl gallate 0.25 42 2.2 -520 -84
Lauryl gallate 0.5 38 2.4 -500 -75
4-Hexylresorcinol 0.5 80 2.5 -430 -55
BHT 0.5 49 2.3 -540 -78
Tocopherol 0.5 995 3.5 -410 -43
MEHQ 0.5 36 2.0 -440 -74
Pyrogallol 0.5 43 2.8 -580 -62
Pyrogallol / DIOPA 05/25 42 2.5 -510 -64

While the viscosity of the non-stabilized formulation increased by 278%, a stabilizing effect of the
investigated additives is clearly visible, except for o-tocopherol which even lead to an accelerated
viscosity increase (+995%). In these experiments, lauryl gallate showed the best stabilizing effect for
both investigated concentrations (+38% for 0.5 wt% and +42% for 0.25 wt%), comparable to the

12
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reference system with MEHQ (+36% for 0.5 wt%) and pyrogallol (+43% for 0.5 wt%), followed by BHT
(+49% for 0.5wt%). No beneficial effect of the acidic co-stabilizer could be observed for pyrogallol.
The stabilizing effect was less pronounced for 4-hexylresorcinol and 0.5wt% propyl gallate. Only

moderate stabilization could be achieved by 0.25wt% propyl gallate.

Photo-DSC was used to investigate the influence of the applied stabilizers on the photoreactivity of
the DBC/PETMP resin. As shown in Table 1, it turned out that the addition of propyl gallate, BHT and
lauryl gallate (in a concentration of 0.25 wt%) results only in a slight decrease in delta H and h, while
tmax 18 Not affected at all. Also, only little influence on the reaction speed could be observed for
pyrogallol and its combination with DIOPA, expressed by a slightly lower peak height. While 4-
hexylresorcinol and MEHQ led to significantly reduced monomer conversions (lower delta H), a
negative effect on the photoreactivity was mostly pronounced for a-tocopherol which caused the

lowest reaction speed, i.e. t..x and peak height and conversion (delta H).

Water Absorption and Degradation

The water absorption capacity of thiol-based photopolymers highly depends on the presence of polar
functionalities such as ester groups. In the case of thiol-based photopolymers, ester groups are
mainly introduced by the application of commercially available mercaptopropionic acid based
monomers. This ester moieties lead to increased water absorption as well as degradation in acidic
and basic media, respectively. In order to investigate the influence of different thiol monomers on
the water absorption, formulation of DBC/PETMP, DBC/DiPETMP and DBC/TMPS were UV cured and
immersed in water for 50 days. As expected DBC/PETMP showed the highest water absorption of
about 1.2 % (see Figure 3 left) which is explained by its looser network structure compared to
DBC/DiPETMP (~ 1 %). In contrast, the ester free thiol TMPS lead to networks that showed five times

lower water absorption (0.2 %).

13
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In Figure 3, the effect of water storage of DBC/PETMP and DBC/DiPETMP networks after 70 days of

immersion on the thermomechanical properties, namely the storage moduli and the tan delta, is

shown.
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Figure 3: Water absorption of DBC/PETMP, DBC/DIPETMP and DBC/TMPS (left) and DMA measurements {E’ and tan
delta) of DBC/PETMP, DBC/DIPETMP before and after immersion in water for 70 days.

Most importantly, the polymer samples did not swell and the thermo-mechanical properties were
only slightly influenced as shown in Table 2. It was found that the Tgs (at the maximum of tan delta)
of these networks dropped only by 3-4 °C, the storage modulus (E') at 37 °C did not change
significantly and also the full width at the half maxima (FWHMs) of the tan delta remained mostly
unaffected. This is in contrast to previously studied thiol-ene networks which showed a significant

reduction in their thermo-mechanical properties after water immersion.”’

Table 2: Obtained results from DMA measurements of DBC/PETMP and DBC/DIiPETMP before and after immersion in
water.

T, {tan delta) / °C E'at37°C/MPa FWHM / °C
Formulation dry soaked dry soaked dry soaked
DBC/PETMP 50.2+0.1 47.1+0.7 1177+10 1050485 18.1+1.3 13.8+1.1
DBC/DiPETMP 61.0+0.1 57.1+0.1 1708+82 1589+12 21.6+0.1 20.540.1

However, it has to be mentioned that the ester containing photopolymers are susceptible to alkaline
hydrolysis. While the DBC/TMPS polymer showed no degradation after 50 days in 1 M NaOH at 50°C,

the DBC/PETMP network fully degrades within 70 h under these conditions.
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Conclusion

In this contribution, several important aspects of thiol-yne photopolymers based on DBC were
addressed including the choice of the Pl and stabilizers as well as the interaction of these networks
with an agueous solution. Photo-DSC measurements revealed that the conversion (expressed in delta
H) of all resin formulations is mostly independent on the type and concentration of the applied
photoinitiator, however, significant differences were observed in their curing speed. While Ivocerin
and Irg 819 led to almost similar values of t,., and h for all investigated concentrations, Irg 2959,
Irg 2959mod and the reference Irg TPO-L showed lower reactivity for concentrations below 1 wt%.
Additionally, the migration behavior of the alkyne functionalized Pl Irg 2959mod was studied and
compared with its non-derivatized reference Irg 2959. It turned out that the concentration of Irg
2959mod in the ethanolic extracts is approximately ten times lower compared to Irg 2959 applied in
a concentration of 0.25 wt%. Most importantly, after extracting networks containing 1 wt% of Irg
2959mod, its concentration in the extract was even below the detection limit of the used analytic
method (GC-MS). This shows the versatility of polymerizable photoinitiators in terms of migration
stability in the thiol-yne system. In order to improve the stability of thiol-yne formulations based on
DBC, several low-toxic hydroxybenzene based stabilizers were evaluated. In these experiments, lauryl
gallate provided the most efficient stabilization, followed by BHT. Only moderate stabilization could
be achieved by propyl gallate, while o-tocopherol led to an even higher viscosity increase than the
non-stabilized formulation. It has to be mentioned that a-tocopherol also negatively influenced the
photoreactivity of the resin formulation in terms of reaction speed and conversion. Only little
influence on the overall photoreactivity has been detected for lauryl gallate, propyl gallate and BHT,
especially at concentrations of 0.25 wt%. The suitable stabilization effect without significantly
affecting the curing performance makes lauryl gallate and BHT favored stabilizers in the investigated
thiol-yne resin. The water absorption capacity and the degradation stability of these DBC based
photopolymers highly depend on the used thiol co-monomer. While the water absorption of
DBC/PETMP and DBC/DIiPETMP was in the range of 1 to 1.2% after a storage time of 50 days, the

ester free thiol TMPS lead to networks that show a five times lower water absorption (0.2 %).
15
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Surprisingly the water absorption only slightly affected the mechanical performance of DBC/PETMP
and DBC/DiPTMP samples as DMA measurements revealed. Notably, the ester containing
photopolymers are susceptible to alkaline hydrolysis. While the DBC/TMPS polymer showed no
degradation after 50 days in 1 M NaOH at 50 °C, the DBC/PETMP network fully degrades within 70 h

under these conditions.
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7 APPENDIX

7.1 List of Abbreviations and Acronyms

4BC 1,4-Butandiol dibut-3-yn-1-yl carbonate
4MPC 1,4-Butandiol dipent-4-yn-2-yl carbonate
4PC 1,4-Butanediol dipropargyl carbonate

4PE 1,4-Butanediol dipropargyl ether

AICI;5 Aluminum chloride

AMT Additive manufacturing technology

BABC 2,2-Bis[4-(2-hydroxy)ethoxyphenyl]propane dibut-3-yn-1-yl carbonate
BHT Butylated hydroxytoluene

BisAEPE 2,2-Bis[4-(2-(prop-2-yn-1-yloxy)ethoxyphenyllpropane
BisAPE 2,2-Bis[4-(prop-2-yn-1-yloxy)phenyl]propane
BuAc 1,4-Butanediol diacrylate

BuBE 1,4-Butanediol dibut-3-yn-1-yl ether

BuMAc 1,4-Butanediol dimethacrylate

BuOH 3-Butyne-1-ol

BuVvC 1,4-Butanediol divinyl carbonate

BuVE 1,4-Butanediol divinyl ether

CAD Computer aided design

CDI 1,1’-Carbonyldiimidazole

CT Computer tomographic

DBC Di(but-1-yne-4-yl)carbonate

DF Defect fraction

DIOPA Diisoctylphosphinic acid

DIPETMP Dipentaerythritolhexa(3-mercaptopropionate)
DLP Direct light projection

DMA Dynamic Mechanical Analysis
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DMF
DMSO
DQ

Dres

E
EC50
EDT
ETAHC
FN
FT-IR

FWHM

G
GC-MS
HCI
HEA
HEMA
12959
ICP-MS
LOD
MC
MC,
MEHQ
MRI
MTE
NaH
NaOH
NMR

PETMP

Dimethylformamide

Dimethylsulfoxide

Double quantum (refers to solid state NMR spectroscopy)

Residual dipolar coupling

Storage modulus (DMA)

Half maximal effective concentration
2,2'-(Ethylenedioxy)diethanethiol
Ethanolamine hydrochloride

Shrinkage force

Fourier Transformed Infrared Spectroscopy
Full width at half-maximum of tan delta
Storage modulus (Photorheology)

Loss modulus (Photorheology)

Gas chromatography mass spectroscopy
Hydrogen chloride

2-Hydroxyethyl acrylate

2-Hydroxyethyl methacrylate

Irgacure 2959

Inductively coupled plasma - mass spectrometry
Limit of detection

Overall monomer conversion

Conversion at the gel point
Hydroquinone monomethyl ether
Magnetic resonance imaging
2-(2-Methoxyethoxy)ethanethiol

Sodium hydride

Sodium Hydroxide

Nuclear magnetic resonance

Pentaerythritoltetra(3-mercaptopropionat)
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Photo-DSC
PI

Pl-9

Pl-4

PLA
RT-FT-IR
RT-NIR
SLA

SOCl,
TATT

TCBC

tgeI

tmax

TMPC
TMPMP
TMPS
TPO-L

AH

Photo Differential Scanning Calorimetry

Photoinitiator

Prop-2-yn-1-yl phenyl(2,4,6-trimethylbenzoyl)phosphinate
2-Hydroxy-2-methyl-1-(4-(prop-2-yn-1-yloxy)phenyl)propan-1-one
Polylactic acid

Real-Time Fourier Transformed Infrared Spectroscopy

Real-time near infrared

Stereolithography

Thionyl chloride

Triallyl-1,3,5-triazine,2,4,6(1H,3H,5H)trione
Tricyclo[5.2.1.02,6]decane-4,8-dimethanol dibut-3-yn-1-yl carbonate
Glass transition temperature

Time to reach gelation

Time to reach the maximum of delta H during photo-DSC measurements
1,1,1-Tris(hydroxymethyl)propane tripropargyl carbonate
Trimethylolpropanetris(3-mercaptopropionat)
Silanetetrayltetrakis(propane-1-thiol)

Irgacure TPO-L

Reaction enthalphy

Viscosity

Density

Surface tension
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7.2 List of Figures
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HEMA/MTE (triangle) and HEA/ETAHC (circles) under simulated physiological conditions......... 6
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